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Thesis abstract 
 
Bycatch is one of the most common aspects of fisheries worldwide and recognized as 
one of the most significant impacts over a wide array of protected, vulnerable and 
threatened species. Unfortunately, a series of gaps in the knowledge must be filled to 
improve conservation and management of chondrichthyan species. Unfortunately, the 
species selected for conservation or research in fisheries are the ones with higher 
economic value and most of the chondrichthyan species, bycatch species such as 
sharks and rays have been historically of low value. Although often assessed 
according to IUCN as threatened species, and differently from sea birds or marine 
mammals, in more recent years a large number of species of sharks, rays and 
chimaeras started to be retained, increasing the impacts over natural populations. In 
the first data chapter of this thesis I developed a model of ecological risk assessment 
to quantify the relative vulnerability of bycatch chondrichthyans based upon spatial 
overlap of natural distributions and fishing operations and related to this species 
estimated and published resilience. I used a database built upon individual logbooks 
of commonwealth commercial fisheries from SESSF provided by the Australian 
Fisheries Management Authority. I applied the method to 20 bycatch chondrichthyans 
and 7 target species stocks of the fishery. Results were consistent with IUCN status 
of the species, including exceptions that mirrored cases of regional differences from 
global assessments. 
 
The bycatch issue has also been addressed at global and local levels through a great 
variety of assessments, either gear-related or not. Some of the most recent and 
effective is the identification of spatial and temporal patterns in bycatch. These 
methods frequently have been proven to contribute to management and conservation 
by pinpointing hotspots of incidental catch of threatened taxa. In the second data 
chapter, the spatial and seasonal distribution of chondrichthyan bycatch events in one 
of the biggest and most valuable sectors of Australia, the Southern and Eastern 
Scalefish and Shark Fishery (SESSF), were analysed through three indicators. 
Overall, the results indicate differences in chondrichthyan bycatch rates between 
demersal gillnet, trawl and longlines, where gillnets have the highest rates of 
chondrichthyan bycatch in the SESSF. Results also indicated higher importance of 
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oceanographic conditions to bycatch ratio as well to bycatch per unit of effort, whilst 
the diversity of bycatch chondrichthyans is mostly influenced by the type of gear used 
in fishing operations. Moreover, the spatial analyses indicated two major hotspots for 
bycatch in Australia: The Great Australian Bight and Bass Strait. 
Among the most common chondrichthyan bycatch species caught are the demersal 
elasmobranchs, such as guitarfishes, skates and stingrays. These are highly 
susceptible incidental catch mostly due to potential interaction with fisheries. As 
mentioned, the reported catch is often merged into generic categories increasing the 
difficulty of species-specific assessments. In the east coast of Australia, two species 
highly affected by these issues are the Eastern Fiddler Ray Trygonorrhina fasciata 
(Muller & Henle, 1841) and the Sydney Skate Dipturus australis (Macleay, 1884). In 
the third data chapter, I estimated the age, growth and reproductive parameters of 
these two species based on specimens provided by the Department of Primary 
Industries, New South Wales – Fisheries. Age estimates, based on counts of growth 
bands in the vertebrae, were used to calculate the growth parameters which were 
similar to related species. Moreover, based upon the somatic and gonad indexes, I 
provide information about the reproductive biology of the Eastern Fiddler Ray and the 
Sydney Skate. I describe the diet composition, food preferences and estimated trophic 
levels of these endemic batoids. Results indicated that these species, similarly to other 
rays, have a diet consisting largely of crustaceans. The results place the species within 
the range of trophic level estimations for closest relatives and support the status of the 
species as mesopredators on the east Australian coast.   
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Chapter 1 – General Introduction: Australian chondrichthyans: 
Diversity, Status, Fisheries and Threats 
 
Chondrichthyans, or cartilaginous fish, are considered to be among the earliest 
groups of jawed vertebrates, diverging from common ancestors of bony fishes and 
higher vertebrates circa 530 million years ago. Estimations suggest that there are 
about twelve to thirteen hundred species worldwide; however, this number is likely to 
increase as further taxonomic and genetic studies and surveys identify new species. 
(Hamlett 1999, Last et al. 2009, Stevens and Valenti 2009). The group is particularly 
diverse in the Indo-West Pacific and Australia holds extreme richness of 
chondrichthyan fauna (> 300 species). This fact becomes especially distinctive when 
put in comparison with other areas, like Southern Africa (c. 180 species), the Japanese 
Archipelago (c.170 species), North Eastern Atlantic (c. 130 species) and New Zealand 
(c. 80 species). Also noteworthy is almost half (47%) of chondrichthyans listed to 
Australian waters are described as endemic (Last et al. 2009). 
 
The International Union for the Conservation of Nature – IUCN ascribes 
overfishing as the biggest threat to chondrichthyans worldwide. Although sharks, rays 
and chimaeras are not targeted by most fisheries, impacts caused by this activity are 
recognized as a threat not only to targeted populations, but also to bycatch species 
(Hall et al. 2000, Hollingworth 2000, Stevens et al. 2000, Zhou and Griffiths 2008, 
Oliver et al. 2015). The group’s general vulnerability to over-exploitation is a 
consequence of their K-selected life-history strategy (Bonfil 1994, Stevens et al. 2000, 
Musick and Bonfil 2005). This feature of their biology explains why depleted 
chondrichthyan populations can take several years or even decades to recover to 
higher levels in response to reduced fishing intensity. The issue is aggravated by the 
large number of countries without management policies and by the poor identification 
or misidentification of species in fisheries information systems. In artisanal fisheries 
catch is often directly consumed and thus not reported in any official manner (Clarke 
and Rose 2005). As a result of these many factors there is great uncertainty in landings 
data, with reported catches likely to comprise only around half of actual global captures 
(Bonfil 1994).  
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Historically chondrichthyans have been of low market value in most countries, 
with exceptions occurring for products such as liver oil or fins, where high achieved 
values may even encourage criminal conduct. Moreover, secondary products trades 
such as leather, cartilage or jaws remain unregulated or are rarely tabulated by 
authorities (Gray 1997, Browman and Stergiou 2004, Clarke and Rose 2005). These 
and other abovementioned actions are frequently unrecorded, increasing uncertainty 
about stock status and presenting obstacles to estimating population mortality.  
 
 
IUCN Status of Australian Chondrichthyans   
 
The International Union for Conservation of Nature (IUCN 2001a) assesses the 
conservation status of each species according to seven categories based on intrinsic 
factors including population life-history parameters and extrinsic factors such as 
identification of major/potential threats considering distribution, range and exposure to 
anthropogenic pressure (Table 1). Two of the seven extinction-risk categories can fail 
to identify species at high risk.: (1) Data Deficient (DD), when there is no adequate 
information to make direct or indirect risk assessment based on distribution and/or 
population status. Some taxa in this category may have its biology known, but 
appropriate data on abundance or distribution are incomplete. This is not considered 
a category of threat. Listing of taxa in this category acknowledges the possibility that 
future research will show that a threatened classification might be appropriate; (2) Not 
Evaluated (NE), when the taxon has not yet been evaluated against IUCN criteria. 
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Table 1.1 – IUCN threat categories to assess extinction risk. 
Category Definition 
Least concern (LC) Taxa that are widespread and abundant in the present 
Near threatened (NT) 
Taxa that does not qualify for threatened categories now, but is close 
or likely to qualify in near future 
Threatened 
categories 
Vulnerable (VU) 
Within 10 years/three generations, an observed, estimated, inferred or 
suspected population size reduction of 
- ≥ 50% pop. reduction with reversible/ceased/known causes 
- ≥ 30% pop. reduction without reversible/ceased/known causes 
Endangered (EN) 
Within 10 years/three generations, an observed, estimated, inferred or 
suspected population size reduction of 
- ≥ 70% pop. reduction with reversible/ceased/known causes 
- ≥ 50% pop. reduction without reversible/ceased/known causes 
Critically 
endangered (CR) 
Within 10 years/three generations, an observed, estimated, inferred or 
suspected population size reduction of 
- ≥ 90% pop. reduction with reversible/ceased/known causes 
- ≥ 80% pop. reduction without reversible/ceased/known causes 
Extinct in the wild (EW) 
Taxa whose only known living members are kept in captivity or in 
naturalized populations outside its historic range 
Extinct (EX) Taxa in which no living members are known 
 
 
Unfortunately, there is a large number of chondrichthyan species lacking 
information and thus preventing status definition. Moreover, as some types of 
anthropogenic pressure, like fishing, might be poorly reported, the real impact may be 
underestimated. In the IUCN Red List (2016), over a hundred of the 322 species of 
chondrichthyans described to occur in Australian marine environments are reported to 
be in Near Threatened (NT) and threatened categories (VU, EN, CR). Additionally, 
84spp are poorly known and reported as Data Deficient or Not Evaluated (Figure 1.1, 
Table 1.2). IUCN also records population trends, listing species as Increasing, Stable, 
Decreasing or Unknown. Unfortunately, the later currently includes 240 species of 
chondrichthyans described to Australia. Although several are of Least Concern, it also 
includes a considerable number of Data Deficient or Not Evaluated species. In the 
group described as having a decreasing population trend, not surprisingly, most of the 
species are described as threatened. The remaining fauna (28spp) are mainly 
reported as stable and only Spotted Estuary Dogfish (Mustelus lenticulatus Phillips, 
1932) which occur mainly in New Zealand and is only reported to southern Australia 
is described as having an increasing population trend (Armitage et al. 1994). 
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Figure 1.1 – Australian Chondrichthyes richness of endemic (black bars) and non-endemic (white bars) 
species per IUCN Status category (IUCN 2016): Least Concern (LC), Near Threatened (NT), Vulnerable 
(VU), Endangered (EN), Critically Endangered (CR), Data Deficient (DD) and Not Evaluated (NE). The 
status of non-endemic species based upon IUCN’s global status. 
 
 
Table 1.2 – Number of species of Australian Chondrichthyes fauna reported in IUCN threat categories 
population trend category (IUCN 2016). 
IUCN Category Increasing Stable Decreasing Unknown Total 
Least Concern 1 27  97 125 
Near threatened  1 8 45 54 
Threatened 
categories 
Vulnerable   35 10 45 
Endangered   6 4 10 
Critically endangered   4  4 
Data deficient    76 76 
Not evaluated    8 8 
Total 1 28 53 240 322 
 
 
The bycatch threat 
 
Although IUCN describes overfishing as the major general threat to 
chondrichthyan fauna globally, at the species level, bycatch is listed as the major 
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threat in Australian waters (Table 1.3). While Saila (1983) defined bycatch as the 
capture of non-target species, this term has been given various definitions over the 
years, including: (1) the catch retained and sold which is not the target of the fishery; 
(2) species, sizes or sexes of discarded fish; (3) non-target fish, either sold or 
discarded; and (4) unwanted invertebrates and vulnerable groups. Overall bycatch is 
regarded as one of the major concerns and one of the most significant issues in 
fisheries (Crowder and Murawski 1998, Hall et al. 2000, Stobutzki et al. 2002, Sims et 
al. 2008). This incidental mortality is of particular concern for species with long 
lifespans and low fecundity such as sharks, rays and chimaeras. Moreover, bycatch 
has been reported to affect species richness and diversity both directly via the removal 
of individuals as well as indirectly by the elimination of prey species (Crowder and 
Murawski 1998, Hall et al. 2000, Stevens et al. 2000, Ritchie and Johnson 2009, Oliver 
et al. 2015). 
 
Chondrichthyan fisheries in Australia 
 
Despite its relatively large Exclusive Economic Zone (EEZ), Australia’s reported 
shark catches are lower than other countries and nearly all of Australia’s production is 
used domestically (Musick and Bonfil 2005). Shark fisheries in Australia appear to 
operate primarily to supply popular culinary markets with deep-water squalids targeted 
for liver oil off Western Australia, and both western and northern fisheries export fins 
to the Asian market (Camhi et al. 1998, Musick 1999, Clarke and Rose 2005, Last et 
al. 2009). 
 
Chondrichthyan catches occurs mostly in Australia’s Commonwealth waters 
(from 3 Nautical Miles from the coastline up to 200 Nautical Miles), and especially in 
the Southern and Eastern Scalefish and Shark Fisheries (SESSF). The SESSF is a 
multi-sector, multi-species fishery that covers almost half of the Australian Fishing 
Zone. The fishing area of the SESSF extends from southern Queensland around the 
south-eastern coast through New South Wales, Victoria and Tasmania coastlines to 
south of Western Australia. Although AFMA strictly regulates the types of fishing gear 
per area and fish species, allowed methods include trawls (pair, midwater and bottom), 
longlines (automatic and bottom), demersal gillnets, seines and traps (AFMA 2015). 
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Table 1.3 - Number of species per type of major threat (IUCN 2016) of Australian Chondrichthyes fauna 
reported in IUCN Categories: Least Concern (LC), Near Threatened (NT), Vulnerable (VU), 
Endangered (EN), Critically Endangered (CR), Data Deficient (DD), and Not Evaluated (NE). 
Type of Threat LC NT VU EN CR DD NE Totals 
Anthropic pressure (tourism)    1    1 
Aquarium trade 1  1     2 
Bycatch 66 24 12 2 1 38  143 
Bycatch & Aquarium trade 2       2 
Bycatch & Habitat lost 2  2 1    5 
Fishing 2 5 4 1  3  15 
Fishing & Beach Mesh   1     1 
Fishing & Bycatch 15 20 23 4 2 8  72 
Fishing & Habitat Lost  3  1 1 1  6 
Habitat lost      2  2 
Habitat lost & Pollution  1      1 
Limited distribution 1       1 
Low Fishing Effort 1       1 
No apparent threats      3  3 
No major threats 34     17  51 
No threat info      1  1 
Insufficiently known      1  1 
Trophy-hunting    1     1 
Unknown 1 1 1   2 8 13 
Totals 125 54 45 10 4 76 8 322 
 
 
Australia, through the Fisheries Administration Act 1991, established the 
Australian Fisheries Management Authority (AFMA) to manage Australia’s 
Commonwealth fisheries, which adopted several conservation management 
strategies, including the use of logbooks. Many disclosures and amendments were 
published over the years, improving conservation and assessment of fish stocks and 
providing more information about catches and location of fisheries. Nonetheless, 
although logbooks are a major and essential advance in any fisheries management 
plan, some issues still need addressing: 23 families of chondrichthyans were 
described as “undifferentiated” in landings. In these families there are a large number 
of species described in different IUCN categories, ranging from Least Concern status 
to Critically Endangered, with a large number of species in the Data Deficient and Not 
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Evaluated categories (Figure 1.2). Five of these families are entirely composed by 
species that occur in Australia’s EEZ, while nine of them have at least 40% of its 
species with occurrence in the region. The remaining 12 families combined contain at 
total 89spp described for the region. 
 
 
Figure 1.2 – Number of species by IUCN status in the families of Australian Chondrichthyes fauna 
described as “undifferentiated” in AFMA CDR Data from 2002 to 2012. 
 
 
Conservation and Management 
 
 In more recent years AFMA implemented directed bycatch and discard work 
plans around Australia (AFMA 2015). Specifically, in the SESSF, these plans are 
focused on the Commonwealth Trawl Sector, Great Australian Bight Trawl Sector, and 
Scalefish Automatic Longline Sector, and Shark Gillnet Sector. Among the main goals 
of these work plans are to avoid interaction with species listed under the Environment 
Protection and Biodiversity Conservation Act 1999 (EPBC Act), reducing discards of 
target and non-target species, and minimizing overall bycatch in the fishing operations 
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over the long-term. The referred act currently includes several species of sharks and 
rays including Sawsharks (Pristiophorus spp), Dogfishes (Squalidae, Centrophoridae), 
Hammerheads (Sphyrna spp), Thresher Sharks (Alopias spp), Manta rays (Manta spp) 
and others like Grey Nurse Shark (Carcharias taurus), Whale Shark (Rhincodon 
typhus) and the Great White Shark (Carcharodon carcharias). 
 
 Despite management actions, conservation programs and the attention of the 
general public, sharks and their relatives still present the same issues as other less 
profitable or non-attractive species: lack of formal stock assessments. Such 
assessments, however, are complicated, requiring specific data on the life-history of 
the species as well as the details of the fishery catch, effort and habitat (García et al. 
2008, Curley et al. 2013). Since chondrichthyans in general are caught as bycatch it 
is essential to understand the bycatch dynamics and the possible drivers and patterns 
of bycatch events. Moreover it is clear that it is not economically feasible to preserve 
everything everywhere, and conservation has been based strategically on priority 
areas or hotspots (McNeely et al. 1990, Groombridge 1992, Hobohm 2003, Faith et 
al. 2004). Information on the location and temporal stability of such areas will be 
invaluable for ecosystem-based management. 
 
As indicated above, chondrichthyans are considerably vulnerable to over-
exploitation and very conspicuous as bycatch (Hamlett 1999, Stevens et al. 2000, 
Myers et al. 2007, Gallagher et al. 2012). Additionally, the remarkable richness of the 
group in the Indo-Pacific increases exponentially the complex process of selecting 
priorities for conservation. There is a need for a ranking method to select species for 
management, especially poorly known species reported in the Data Deficient category. 
 
 
Research objectives of this work 
 
 The work presented in this thesis attempts to address the data gaps and 
improve chondrichthyan conservation in Australia, and possibly other parts of the 
world, by presenting a characterization of chondrichthyan bycatch patterns, drivers 
and management priorities within one of the largest fisheries in Australia. It also 
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presents growth and reproductive data of important bycatch chondrichthyans from the 
SE Coast of Australia. 
 
In the first data chapter, I developed a technique to rank fishery species for 
management by quantifying the relative vulnerability of chondrichthyans taken as 
bycatch in fisheries. This vulnerability was established by evaluating the resilience of 
each species in combination with an index describing a species interaction with the 
fishery (termed the Fisheries Interaction Index, FII). The technique was applied to 
bycatch and target stocks of the SESSF of Australia’s Exclusive Economic Zone and 
ranked species in four different levels of priority for management based upon the 
relationship between resilience indicators and the spatial interaction of species natural 
distribution and fishing operations.  
 
The second data chapter analyses the spatial and temporal distribution of 
chondrichthyan bycatch events over a 15–year data series in each of the main fishing 
methods of the SESSF. Shark and ray bycatch ratios, bycatch per unit of fishing effort 
and bycatch diversity within the SESSF were used to identify seasonal patterns and 
hotspots of bycatch. Machine learning techniques were applied to evaluate the 
important predictors of these three measures of bycatch while spatial analysis served 
to highlight patterns of clustering of bycatch within the fishery. 
 
The third data chapter assesses the age and growth, body condition and 
reproductive dynamics of two East Australia endemic species, the Eastern Fiddler Ray 
(Trygonorrhina fasciata) and the Sydney Skate (Dipturus australis) caught commonly 
in state trawl fisheries. Age and growth were assessed using vertebral band-pair 
counts. Body condition and reproductive capacity were evaluated using the relative 
size of the liver and size and stage of gonads. Both species are  common as bycatch 
and IUCN lists D. australis as Vulnerable (Stevens and Valenti 2009). Although T. 
fasciata is described as Least Concern the Red List also reports the species with 
unknown population trends, most likely decreasing. Furthermore, T. fasciata is likely 
to represent circa 20% of the combined catches of the “shovelnose/fiddler ray” 
complex within the fishery (Huveneers 2015). 
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The fourth and last data chapter describes the diet and food preferences of the 
Eastern Fiddler Ray and Sydney Skate through the analysis of stomach content and 
related food preferences according to prey types. The trophic level was estimated for 
both species based on the diet composition. The information on feeding habits 
presented here contributes to a better understanding of trophic dynamics and food 
webs, which is critical if fisheries authorities are considering ecosystem information for 
conservation and management. 
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Chapter 2 – Assessing the relative vulnerability of Chondrichthyes 
species as bycatch using spatially reported catch data series 
 
KEYWORDS 
Chondrichthyes, Spatial Modeling, Fisheries, Risk Assessment, Vulnerability 
assessment. 
 
ABSTRACT 
 
Fishery impacts are recognized as a threat not only to target species populations, but 
also to bycatch species. Unfortunately, the choice of priorities for conservation or 
research in fisheries is usually related to the economic value and most retained 
bycatch species such as sharks and rays have been historically of low profit. Stock 
assessments, when performed in a traditional way, require large quantities of quality 
data, financial support and foremost, to be feasible. In this perspective, the general 
scenario is not favourable for chondrichthyan assessments, considering issues as: 
reported multi-species catches, low cost-benefit appeal and low sample availability. 
Therefore, it becomes clear that impact predictions of chondrichthyan bycatch are 
often undermined. In this study I develop a technique to quantify the relative 
vulnerability of chondrichthyan taken as bycatch based on spatial interaction between 
species and fishing activity and related to species estimated and published resilience. 
I used a 15 years fisheries logbooks database to apply the method to 20 bycatch 
chondrichthyans and the target species of the sector. The interaction-resilience 
combinations obtained showed considerable agreement with IUCN status of assessed 
species and the exceptions reflecting particular cases where local status differs from 
the general global assessment for the species. 
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INTRODUCTION 
 
Chondrichthyans are exposed to a great variety of threats in marine 
ecosystems, with serious concerns about the sustainability of fisheries, mainly raised 
in the early 1990’s during the international expansion of fin markets in Southeast Asia 
(Bonfil 1994). Currently, the International Union for the Conservation of Nature – IUCN 
ascribes overfishing as the biggest threat to chondrichthyans worldwide (IUCN 2016). 
The group is known to be generally vulnerable to over-exploitation due their k-selected 
life-history (Hoenig and Gruber 1990, Camhi et al. 1998, Stevens et al. 2000), which 
results in low intrinsic rates of population increase and recruitment (Smith et al. 1999) 
 
Although sharks and their relatives are not normally targeted by most fisheries, 
impacts caused by this activity are recognized as a threat not only to target species 
populations, but also to bycatch species (Kennelly 1995, Stevens et al. 2000, Lewison 
et al. 2014). Unfortunately, the choice of priorities in fisheries research is heavily 
influenced by the market value of the species and historically sharks and rays have 
been considered species of low market value. The exceptions to this trend are related 
to situations where the value of some product of the catch is high enough even to 
encourage criminal conducts (e.g. shark fins) or when secondary product trades (e.g. 
cartilage, jaws) remain mostly unregulated (Clarke and Rose 2005). 
 
Conservation has based efforts on diversity hotspots and Chondrichthyes reach 
their highest biodiversity in the Indo-West Pacific (Musick and Bonfil 2005, Last et al. 
2009) and Australia holds extreme richness (circa 322 species) and high levels of 
endemism (46% endemic) of chondrichthyan fauna (Last et al. 2009). In Australia, 
according to data from the Australian Fisheries Management Authority (AFMA 2015) 
only one species of shark is targeted and IUCN (2016) lists bycatch as a threat to 
nearly 70% of the 322 species described to the region. Furthermore, less than 40% of 
Australian chondrichthyans are classified as of Least Concern (LC), while the 
remaining species are listed as Near Threatened (NT, c. 16%), in one of the threatened 
categories (c. 18%) or not properly assessed yet and thus listed as Data Deficient or 
Not Evaluated (DD and NE, c. 26%). 
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Stock assessments, to be performed in a traditional way, require large quantities of 
good quality data, financial support and foremost, to be feasible. The application of 
traditional stock assessments to chondrichthyans is challenging for a number of 
reasons: (1) when reported, catches are often merged in multi-species groups, (2) as 
previously mentioned, sharks and related fisheries are recognized as being of low 
value, and therefore the cost-benefit is not attractive to funding, and (3) sample 
availability is subject to catch by research or fishing boats with observers, and many 
times catch of individual species are too infrequent to be of use for assessments.  
 
Unfortunately, data-poor cases seem to be the standard when assessing risk 
of chondrichthyan populations (Bonfil 1994, Musick and Bonfil 2005, Cortés et al. 
2015). Due to these various issues, the impacts of chondrichthyan bycatch are often 
undermined leading to delays in necessary management actions. This situation has 
led to an increased application of ecological risk assessment or ERA (Zhou and 
Griffiths 2008, Hobday et al. 2011, Zhou et al. 2011, Cortés et al. 2015). 
 
In this study a technique was developed to quantify the relative vulnerability of 
sharks and rays taken as bycatch in fisheries with the objective of prioritizing species 
for management. Relative vulnerability was established by evaluating the resilience of 
the species against a metric representing the intensity of overlap between the 
geographic distribution of a species and spatial patterns of its harvest, here termed 
the Fisheries Interaction Index (FII). This technique was applied to bycatch and target 
stocks of the Southern and Eastern Scalefish and Shark Fishery (SESSF) of 
Australia’s Exclusive Economic Zone. 
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METHODS 
 
The basis of my approach to address the stated aims was that species which 
present high interaction with fisheries and low resilience would be considered more 
vulnerable than species in the opposite situation (i.e. low interaction/high resilience). 
In other words, the Fishery Interaction Index (FII) ranks species in a vulnerability scale 
considering harvest, spatial abundance and size of overall exploited area. This 
approach provides insights regarding which species are more intensively and widely 
harvested in their distribution range, highlighting which species should be in the list of 
priorities for conservation and cases requiring further investigation. Interaction with the 
fishery was estimated by weighting the catch of a species in an area by its probability 
of occurrence. Resilience was estimated by calculating maximum sustainable yield 
(MSY) directly from the fishery data as well as via two independent proxies, published 
individual growth rate (k in the von Bertalanffy growth equation) and age of first 
maturity (tm). The derivation of these metrics and the methods to relate and interpret 
them are described in greater detail below. 
 
The Southern and Eastern Scalefish and Shark Fishery 
 
The Southern and Eastern Scalefish and Shark Fishery (SESSF) is a multi-
gear, multi-species fishery that covers almost half of the Australian Fishing Zone, 
stretching from south Queensland on the east coast, around Tasmania, to Cape 
Leeuwin in Southern Western Australia (Figure 2.1). It is a multi-gear sector, and 
fishing gears used in the area include seine, trawl (midwater, bottom and pair), gillnet, 
longline and trap. The SESSF targets primarily Blue grenadiers (Macruronus 
novaezelandiae, Hector 1871), Tiger flatheads (Platycephalus richardsoni Castelnau, 
1872), Silver warehous (Seriolella punctata Forster, 1801), Gummy sharks (Mustelus 
antarcticus Günther, 1870) and Pink lings (Genypterus blacodes Forster, 1801). The 
Australian Fisheries Management Authority (AFMA) regulates fisheries by gear and 
target species, with specific conditions about species and locations attached to fishing 
permits. The fishery operates year-round and it is one of the most valuable finfish 
fisheries, yielding $A 72.2 million in 2013/14 (AFMA 2015). 
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Figure 2.1 – Australia’s Exclusive Economic Zone (EEZ) and in parallel hatching the Southern and 
Eastern Scalefish and Shark Fishery Area (Datum WGS84). 
 
SESSF catch data (provided by AFMA) is based upon mandatory logbooks 
submitted by fishers at the end of each trip where the record for each set of the fishing 
gear includes data on the date, gear, species weight and location using Degree-
Minute-Second system (fishing grid-cell ID). The data management system (DMS) 
contains 3,572,855 records in the period from 2000 to 2014. The assessment provided 
by this study focused on the retained catch data of species, covering the period from 
2000 to 2014. DMS grid coordinates were converted to centroids of half-degree cell 
resolution to match species distribution data (item 2.2, below). Using the base map, a 
grid of points marked every half degree of latitude and longitude (1179 grid squares in 
total) were generated on the SESSF area. For the purpose of this study, I excluded 
cases of common names containing several species (e.g. Skates) and considered only 
species that could be validated by relating common names and scientific names and 
through maps of spatial distribution. Applying these conditions narrowed the set of 
bycaught chondrichthyans to 20 species. To establish context for the fishery 
interaction index (which is a relative ranking to nature) I also considered seven 
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different target species in the analysis. In aggregate, the catch of these 27 species 
over the entire time series represented 1,863,722 records in the database, being 
drawn from 682,891 different fishing events 
 
Species Occurrence Database 
 
Global distribution data for a large number of marine species is available from 
the AquaMaps database (Kaschner et al. 2013). AquaMaps data presents the 
probability of occurrence (0–1) of individual species in half-degree (30 min ≈ 55km2) 
cells globally. Records included species identification number, scientific name and 
common name in English according to FishBase (Froese and Pauly 2015). Records 
were extracted from the AquaMaps database for all chondrichthyan and teleostean 
species reported as target or bycatch in the AFMA SESSF Database.  
 
There were instances (11 species, 42.76% of these species’ grid records) 
where there was catch data for a specific species in a grid cell for which the probability 
of occurrence from AquaMaps was indicated to be zero. Despite the large number of 
these cases, they generally consisted of catch one to three grid cells (55–165 km) 
outside the occurrence range from AquaMaps. However as catch in these cells would 
be effectively excluded as a result of the weighting process (described below), it was 
necessary to update the probability of occurrence to reflect the existence of the 
species in that grid cell. This issue was addressed by calculating a probability of 
occurrence value for the grid cell based on the exiting distribution probability data 
using an Inverse Distance Weighted (IDW) interpolation (Watson and Philip 1985) in 
the software ArcGIS v10.2 (ESRI 2013). This method assumes that the weight of 
mapped variables (i.e. probability of occurrence) decreases as the distance increases 
from interpolated points or sampled areas. The IDW method relies on the 
mathematical power of which the inverse distance will be weighted, allowing control 
over the influence of nearby points. In this study, I used the default power value for 
positive, real numbers. Therefore, I assigned values to “new” distribution records using 
a linearly weigthed combination of the original distribution records. The new records 
where listed and reported to AquaMaps. 
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Fishery Interaction Index 
 
The interaction of a specific species and the fishery was quantified by 
conducting a spatially explicit intersection of the probability of occurrence of a species 
with the mean annual harvest for that species to generate what is effectively a 
weighted estimate of the relative area of harvest. Specifically, for each species i, the 
average catch in a specific grid cell j (Cij) is weighted by the proportional area of that 
grid cell (Aj) relative to the total catch area of the species (TAi) and the inverse of the 
probability of occurrence for that species in the grid cell (Pij-1). These weighted factors 
are then summed over all grid cells to give FIIi for each species (Equation 1). 
 
Equation 1: 
𝑭𝑰𝑰𝒊 =  ∑(𝑪𝒊𝒋 ×
𝑨𝒋
𝑻𝑨𝒊
× 𝑷𝒊𝒋
−𝟏)
𝒏
𝒋=𝟏
 
 
Catch and distributional data were sourced from the previously described 
AFMA Fishery and Aquamaps data. The area of individual grid cells was calculated 
using polynomial geodesic equations which account for variations in the relationship 
between degrees and geographic distance (km) with changes in latitude and longitude. 
 
By design the FII value will deliver higher values for species which are fished 
more intensively throughout a greater proportion of their range. The use of the inverse 
of probability of occurrence ensures that stocks which are fished more heavily where 
they are rare will have elevated FII values as compared to stocks with similar catch 
intensities but where most harvest occurs where the species is most common (Figure 
2.2a, 2.2b). 
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Figure 2.2 – (a) Schematic diagram of interaction maps between species distribution and fisheries 
layers and (b) example of weighted interaction of Fishery Interaction Index model for two hypothetical 
grid cells with distinct values of average catch (C) and probability of occurrence (P). 
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Species resilience 
 
 Species resilience is difficult to directly quantify but can be approximated by a 
variety of biological parameters including: population growth rate (r), individual growth 
coefficient (k), age of first maturity (tm) and maximum age (tmax). In fisheries, resilience 
is also commonly related to the maximum sustainable yield (MSY) of a stock (Musick 
1999, Martell and Froese 2013). In this study, I use two available proxies (k and tm) to 
characterise the resilience of the 27 focal species considered (20 bycatch 
chondrichthyans species and seven target species). MSY estimates were generated 
using the Catch-MSY Method (Martell and Froese 2013). This method uses catch time 
series data and a general level of the resilience to estimate values of carrying capacity 
K and maximum rate of population increase r for a given stock in a given ecosystem. 
Results provide approximated MSY values with error margins.  
  
 Categories of resilience are based upon biological parameters that vary within 
certain ranges (Musick 1999) defining how fast a population can re-establish their 
numbers to sustainable levels. The 2000–2014 catch time series for each species was 
used to estimate MSY and the category of resilience for each species was derived 
from Froese and Pauly (2015) (Table 2.1). As this estimate of MSY is based upon the 
same catch data being used to establish the Fishery Interaction index it was important 
to also include other independent estimates of resilience. Here were used two proxies 
for which the data were available for all 27 species (Table 2.1): (1) growth coefficient 
of Von Bertalanffy (k) curves and (2) age of first maturity (tm). These two life-history 
parameters have been previously suggested as relevant for classifying resilience and 
productivity of sharks (Musick 1999). 
 
Assessing vulnerability 
 
The vulnerability of an individual stock will be related to both its interaction with 
the fishery, provided by FII results, and its resilience. In other words, one can 
characterize different regions of vulnerability in a bidimensional space relating the 
intensity of the fishery interaction (FII) with the resilience of the species (Figure 2.3). 
Areas where a stock presents a relatively low interaction index and high resilience 
should be considered of lower priority. Similarly, in the areas where stocks present 
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interaction and resilience either both low and both high species would have medium 
priority, or finally species to be considered of higher priority would have high interaction 
and low resilience levels.  
 
In this study interaction plots for all species evaluated were built using FII 
results and the three measures of resilience; estimated MSY, individual growth rate 
(k) and age of first maturity (tm). Note that resilience is directly related to MSY and 
individual growth rates but inversely so to age at first maturity, where young ages will 
drive more rapid population growth than where individuals reproduce later.  
 
Figure 2.3 – Reference schematic graphic with general approach to species resilience and interaction. 
Dots represent hypothetical species with random values of Resilience and Fishery Interaction Index 
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Table 2.1 – Summary of resilience metrics for all species considered in this study. Resilience level was sourced from FishBase and is used as input for MSY 
estimate. MSY derived from application of Catch-MSY Method described in text. Mean annual catch is for the time series 2000–14. Growth Coefficient Parameter 
(k) and age at sexual maturity (tm) were derived from literature as summarized on FishBase. 
Class Family Species Common Name Type Resilience 
k* 
(y-1) 
tm* 
(y) 
MSY  
(t) 
Mean Catch  
(t Y-1) 
 
C
h
o
n
d
ri
c
h
th
y
e
s
 
 
Callorhinchidae Callorhinchus milii Elephantfish Bycatch Low 0.20 4 58.00 58.27 
Heterodontidae Heterodontus portusjacksoni Port Jackson Shark Bycatch Low 0.10 9 0.36 0.38 
Lamnidae 
Isurus oxyrinchus Shortfin Mako Bycatch Very Low 0.10 20 3.41 6.10 
Lamna nasus Porbeagle Bycatch Very Low 0.12 5 0.06 0.17 
Scyliorhinidae 
Cephaloscyllium albipinnum Whitefin Swellshark Bycatch Low 0.10* 7.5* 2.62 1.96 
Cephaloscyllium laticeps Draughtboard Shark Bycatch Very Low 0.10* 7.5* 10.17 10.86 
Triakidae 
Furgaleus macki Whiskery Shark Bycatch Very Low 0.30 10* 6.95 27.57 
Galeorhinus galeus School Shark Bycatch Very Low 0.10 15 112.00 199.12 
Hypogaleus hyugaensis Pencil Shark Bycatch Low 0.10* 7.5* 0.10 0.10 
Mustelus antarcticus Gummy Shark Target Very Low 0.06 6.9 835.00 1,503.81 
Carcharhinidae 
Carcharhinus brachyurus Bronze Whaler Bycatch Very Low 0.04 19.5 14.60 104.46 
Prionace glauca Blue Shark Bycatch Very Low 0.16 6 0.74 2.00 
Sphyrnidae Sphyrna zygaena Smooth Hammerhead Bycatch Low 0.10* 8.8 5.47 6.60 
Hexanchidae Notorynchus cepedianus Broadnose Shark Bycatch Very Low 0.25 16 20.00 36.08 
Squalidae Squalus megalops Piked Spurdog Bycatch Very Low 0.05 10* 6.95 19.62 
Centrophoridae 
Deania calcea Brier Shark Bycatch Very Low 0.10 25 1.37 5.40 
Deania quadrispinosa Longsnout Dogfish Bycatch Low 0.10* 7.5* 17.10 24.06 
Centrophorus moluccensis Endeavour Dogfish Bycatch Very Low 0.05 10* 1.77 4.71 
Squatinidae Squatina australis Australian Angelshark Bycatch Low 0.10* 7.5* 54.50 54.43 
Pristiophoridae 
Pristiophorus cirratus Common Sawshark Bycatch Very Low 0.05* 10* 48.10 86.11 
Pristiophorus nudipinnis Southern Sawshark Bycatch Low 0.10* 7.5* 39.60 46.27 
 
A
c
ti
n
o
p
te
ry
g
ii
 
 
Merlucciidae Macruronus novaezelandiae Blue Grenadier Target Low 0.20 5 4,240.00 5,011.30 
Ophidiidae Genypterus blacodes Pink Link Target Low 0.09 6 1,101.00 1,091.42 
Trachichthyidae Hoplostethus atlanticus Orange Roughy Target Very Low 0.06 25 662.00 1,754.39 
Platycephalidae 
Platycephalus conatus Deepwater Flathead Target Low 0.20 3.8 735.00 1,054.14 
Platycephalus richardsoni Tiger Flathead Target Medium 0.38 4.5 2,148.00 2,574.76 
Centrolophidae Seriolella punctate Silver Warehou Target Medium 0.36 3.5 2,719.00 1,945.59 
* No estimated k or tm values were available, so values were assigned based on medium values in the range for resilience. 
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RESULTS 
 
Catch events  
 
Analysis of the spatial distribution of fishing operations in the SESSF area 
demonstrated that circa half of the 1179 grid cells (n = 614) within the SESSF present 
some level of exploitation. Most of the fishing operations have been clustered in 
transitional warm to cold temperate waters of southern New South Wales, eastern 
Victoria, Bass Strait and Tasmania Province (Figure 2.4). These areas are described 
as presenting mean sea surface temperatures varying from 14oC in winter to 19oC in 
summer (Burne et al. 2006). Fishing activity was concentrated around the continental 
slope, where depths are usually between 200 and 500 m. 
 
 
Figure 2.4 – Yearly average number of fishing events per reporting grid cell (0.5-degree longitude x 
0.5-degree latitude) in the Southern and Eastern Scalefish and Shark Fishery Area (Datum WGS84) for 
the 2001-2014 period. 
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Fishery interaction index  
 
Calculated FII values ranged from a low of 3.39 for Port Jackson Shark 
(Heterodontus portusjacksoni) to a high of 740.43 for the target Orange Roughy 
(Hoplostethus atlanticus) (Table 2.2). There was general separation of bycatch and 
target species with the former having lower FII values (3.39 – 102.24) than the latter 
(109.27 – 740.43) driven by the large discrepancy in catch between two groups (Table 
1). However, some exceptions to this pattern are worth mentioning: (a) the bycatch 
School Shark (FII = 253.90) had higher interaction scores than target stocks Blue 
Grenadier (FII = 241.76) and Gummy Shark (FII = 109.27), and (b) the target Tiger 
Flathead (FII = 54.94), also had a lower FII than three species of bycatch 
chondrichthyans: Brier Shark, Piked Spurdog and Longsnout Dogfish (FII = 102.24, 
62.31 and 61.53 respectively). 
 
Catch-MSY results 
 
Estimated Maximum Sustainable Yield values varied by up to 3 orders of 
magnitude within the by-catch species (Table 2.1). The Porbeagle (Lamna nasus) 
presented the lowest value (0.055t SD ± 0.12/0.024), and the School Shark 
(Galeorhinus galeus) the highest (112t SD ± 238/52.3). Amongst the target species, 
the lowest estimated MSY value was for Orange Roughy (662t SD ± 1571/279) 
followed by the Deepwater Flathead (735t SD ± 1524/355) and the Gummy Shark 
(835t SD ± 1804/387) and the highest values were estimated for Tiger Flathead (2719t 
SD ± 3487/2121) and Blue Grenadier (4240t SD ± 8355/2152). 
 
Resilience parameters 
 
In this study, most of the stocks were rated as having Low or Very Low 
resilience levels, even among target species, with only the Silver Warehou 
(Seriolella punctata) and Tiger Flathead (Platycephalus richardsoni) having resilience 
classified as Medium (Table 2.1). Hence, these species represent the fastest growth 
(k = 0.36 and 0.38, respectively) and are among the ones with earlier age of first 
maturity (tm = 3.5 and 4.5 years).  
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Potentially the species with lowest resilience in this study are the Bronze 
Whaler (Carcharhinus brachyurus) presenting a growth curvature k of 0.04 and taking 
circa 19.5 years to reach maturity alongside the Brier Shark (Deania calcea, k = 0.1; 
tm = 25 years) and Shortfin Mako (Isurus oxyrinchus, k = 0.1; tm = 20 years). In general, 
most of the remaining stocks values of growth parameter k are around 0.1 and 
reaching age of first maturity between 7.5 and 10 years (Table 2.1). 
 
Fishery interaction index and resilience parameters 
 
When considering growth curvature parameter (k) as resilience metric, only 
Elephantfish and Broadnose Sharks can be considered in a lower priority area (Figure 
5b). Six species of 3 different IUCN categories were to be found in the region of higher 
priority: Endeavour Dogfish and Piked Spurdog (Data Deficient), Longsnout Dogfish 
and Bronze Whaler (Near Threatened), Shortfin Mako and Porbeagle (Vulnerable). 
The remaining species were found in the intermediate priority regions, with the majority 
in the low-interaction/low–resilience region and only the Whiskery Shark was found in 
the higher–resilience/high–interaction area (Figure 2.5a, 2.5b). 
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Figure 2.5 – Relationship between Fisheries Interaction Index (FII) and values of Von Bertalanffy 
Growth Parameter (k) with all assessed stocks (a) and of selected low FII value Bycatch 
chondrichthyans in Southern and Eastern Scalefish and Shark Fisheries – SESSF (b). Note panel b is 
just zoomed in to the area of the FII axes highlighted in panel a by the black bars and excluding the 
targeted Tiger Flathead. 
 
Where resilience was based on age of first maturity (Figure 2.6a, 2.6b) and 
considering all stocks, the Orange Roughy was found to be in a high priority area 
mostly due high FII value and relatively late maturity for a teleost species (Figure 2.6a). 
School and Brier sharks can be considered as medium priority when compared to 
target species, however they would be placed in the higher priority region in relation 
to only the other bycatch species. Most bycatch species (Figure 2.6b) were to be found 
on intermediate or lower priority areas, shifting overall priority region when compared 
to results of FII and k plots (Figure 2.5b). Nonetheless, there was consistency in the 
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patterns of overall priority rank (Table 2.2) and IUCN status. Bronze Whaler (Near 
Threatened) and the Shortfin Mako (Vulnerable), both in the area of higher priority due 
late maturity and relatively FII values. 
 
 
Figure 2.6 – Relationship between Fisheries Interaction Index and published values age of first maturity 
with all assessed stocks (a) and of selected Bycatch chondrichthyans in Southern and Eastern Scalefish 
and Shark Fisheries – SESSF (b). Note (1) panel b is just zoomed in to the area of the FII axes 
highlighted in panel a by the black bars excluding the targeted Tiger Flathead. Note (2): values of age 
of first maturity presented in reverse order to keep the directionality of resilience in the schematic model. 
 
 
The results of interaction-resilience between FII and estimated MSY for all 
species presented similarities but also some distinct differences with the results based 
on the other two parameters (Figure 2.7a). Among the bycatch species, two species 
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listed as of Least Concern by IUCN, Whiskery and Draughtboard Sharks would be 
categorised as high priority, in the group comprising two Vulnerable and two Near 
Threatened species. In the lower priority region were only species of Least Concern 
(Figure 2.7b). 
 
 
Figure 2.7 – Relationship between Fisheries Interaction Index and values estimated mean of Maximum 
Sustainable Yield with all assessed stocks (a) and of selected Bycatch chondrichthyans in Southern 
and Eastern Scalefish and Shark Fisheries – SESSF (b). Note panel b is just zoomed in to the area of 
values of MSY below 60 metric tons Y-1. 
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Overall Priorities 
 
The priority status for each stock in this study was determined by the relative 
position of the species within the fishery interaction and resilience plots (Figures 2.5, 
2.6 and 2.7). This was applied to each one of the chosen resilience metrics. 
Furthermore, overall priority was summarized based on IUCN Red List Status, 
interaction result (FII), growth parameter and age of first maturity (Table 2.2).  
 
Results of interaction-resilience combinations obtained by plotting results of FII 
and the selected resilience parameters formed similar and consistent clusters with little 
variation within species groups (Figures 2.5, 2.6 and 2.7). Although some species 
presented shifts to different regions of priority, none of the interaction-resilience plots 
showed transitions of more than one vulnerability level (i.e. from high to low or vice 
versa) and moreover showed considerable agreement with IUCN status of the 
species. 
  
Using the previously mentioned regions of priority as a reference to categorize 
groups, results suggested a higher priority group consisting of bycatch 
chondrichthyans the School Shark and the Brier Shark (Figures 2.5, 2.6 and 2.7). Both 
species are of Very Low resilience and presented FII values higher than some target 
species (Table 2.2). This higher priority group also included (based on two out of the 
three resilience metrics) the Piked Spurdog and the Longsnout Dogfish (Figures 2.5, 
2.6). IUCN classifies the School Shark and the Piked Spurdog as Vulnerable, and 
Longsnout Dogfish is reported as Near Threatened.  
 
The region of the lower priority of the bycatch species was mainly composed of 
Elephantfishes but also by both Sawsharks species included in the study (P. cirratus 
and P. nudipinnis). The latter two were of intermediate priority only in the interaction-
resilience plot with growth (k). The three species listed here are considered by IUCN 
as of Least Concern. The remaining bycatch species were normally present in the 
medium priority region of the bi-dimensional plots, more specifically in the one where 
values of interaction and resilience are relatively low. Species in the medium priority 
region which presented upward shifts into the higher priority region in some of the 
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interaction-resilience plots were considered of medium-high priority in the summarized 
results. 
 
Within just the bycatch species (Figure 2.5b, 2.6b, 2.7b) there are other 
examples of high priorities. Aside the previously mentioned cases of School and Brier 
Shark, the interaction-resilience with growth indicated six other species in the higher 
priority region: two species classified as Vulnerable (VU), two as Near Threatened 
(NT) and two as Data Deficient (DD) by the IUCN.  
 
Only two species were consistently found to be in the lower priority area (higher 
resilience-lower interaction): the Elephantfish (C. milii, Least Concern) and the 
Broadnose Shark (N. cepedianus, Data Deficient). Most of the remaining species were 
included in the intermediate priority region, especially in low resilience-low interaction 
area. This group consisted of nearly all species of Least Concern (LC) status, though 
three were considered Near Threatened and one was of Vulnerable status, the 
Smooth Hammerhead (S. zygaena). 
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Table 2.2 – Summary of priority status for each bycatch species based on FII x resilience space analysis for each resilience metric used in this study.  Common 
name, scientific name, IUCN status, Fishery Interaction Index results, estimated MSY and published species and population parameters for the bycatch 
chondrichthyans and Overall Priority of conservation/research in the Southern and Eastern Scalefish and Shark Fisheries. MSY and Average Catch Y-1 
expressed in metric tons. 
Common Name Species Average Catch Y-1 MSY (Mean) IUCN Status FII k tm(y) Overall Priority 
School Shark Galeorhinus galeus 199.12 112.00 VU 253.90 0.13 15 Very High 
Brier Shark Deania calcea 5.40 1.37 LC 102.24 0.11 25 Very High 
Piked Spurdog Squalus megalops 19.62 6.95 DD 62.31 0.05 10 High 
Longsnout Dogfish Deania quadrispinosa 24.06 17.10 NT 61.53 0.10 7.5 High 
Bronze Whaler Carcharhinus brachyurus 104.46 14.60 NT 45.57 0.04 19.5 Medium-High 
Endeavour Dogfish Centrophorus moluccensis 4.71 1.77 DD 42.26 0.10 10 Medium-High 
Shortfin Mako Isurus oxyrinchus 6.10 3.41 VU 38.48 0.11 20 Medium-High 
Porbeagle Lamna nasus 0.17 0.06 VU 37.07 0.08 5 Medium 
Whiskery Shark Furgaleus macki 27.57 6.95 LC 36.39 0.29 10 Medium 
Draughtboard Shark Cephaloscyllium laticeps 10.86 10.70 LC 31.94 0.15 7.5 Medium 
Common Sawshark Pristiophorus cirratus 86.11 48.10 LC 26.43 0.10 10 Low 
Blue Shark Prionace glauca 2.00 0.74 NT 23.26 0.12 6 Medium 
Broadnose Shark Notorynchus cepedianus 36.08 20.00 DD 17.59 0.25 16 Medium 
Southern Sawshark Pristiophorus nudipinnis 42.27 39.60 LC 16.89 0.10 7.5 Low 
Elephantfish Callorhinchus milii 58.27 58.00 LC 16.67 0.20 4 Low 
Pencil Shark Hypogaleus hyugaensis 0.10 0.10 NT 15.92 0.16 7.5 Medium 
Smooth Hammerhead Sphyrna zygaena 6.60 5.47 VU 15.23 0.10 8.8 Medium 
Australian Angelshark Squatina australis 54.43 54.50 LC 13.88 0.10 7.5 Low 
Whitefin Swellshark Cephaloscyllium albipinnum 1.96 2.62 NT 10.46 0.15 7.5 Medium 
Port Jackson Shark Heterodontus portusjacksoni 0.38 0.36 LC 3.39 0.07 9 Medium 
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DISCUSSION 
 
Here I present an effective ranking method to establish relative management 
priority status for species using only harvest data, information on geographic 
distribution and single or multiple proxies for resilience.  The rankings resulting from 
this technique are generally supported by the ICUN Red List status of individual 
species, but provide additional resolution in prioritization than is possible from IUCN 
categories as well as rankings for species listed as not assessed or data deficient. In 
the case of the SESSF, this technique identified the School Shark (Galeorhinus 
galeus) and the Brier Shark (Deania calcea) as the species with the highest priority 
within the evaluated stocks. The first is listed as Vulnerable by IUCN, but the later was 
considered of Least Concern, although suggesting precaution and recognizing 
increasing threats to the species on its last assessment in the early 2000s (Stevens 
2003). The technique also identified situations, such as the smooth hammerhead, 
where regional vulnerability was considered lower than that suggested by the IUCN 
which is based on global data. In both of these examples, the fishery-based 
assessment provides a more useful regional context to threat analysis for the stocks. 
 
Ecological risk assessments (ERAs) are useful techniques to evaluate specific 
hazards, threats or stressors on an ecosystem, habitat or species (Gallagher et al. 
2012). These techniques have been applied to general fish stocks (Patrick et al. 2010, 
Hobday et al. 2011, Plagányi et al. 2014) or directed to non-target species, either 
focusing on elasmobranchs or contemplating general bycatch (Stobutzki et al. 2002, 
Zhou and Griffiths 2008, Zhou et al. 2011). The FII ranking method retains similarities 
with previous ERA techniques, including precautionary approach to uncertainty, 
distribution overlap with harvest area and the use of population/biological parameters.  
 
Amongst the four highest ranked bycatch species by the FII technique in this 
study, only the Brier Shark is listed of Least Concern by IUCN. Currently Brier Sharks 
have no current quantitative data on population trends, and in early 2000s’ when the 
assessment was made, despite the low productivity and increasing targeting the 
species was considered abundant and a Near Threatened rank was not justified 
(Stevens 2003). The species has also had a reduced exploitation due trawl closures, 
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which came into effect around the late 2000s’ (SESSF (Closures) DIRECTION 2007). 
The other species ranked as higher priority included: (1) the School Shark which had 
FII values comparable to target species, listed as Vulnerable and with a history of 
declines in the region since the late 1950s’ (Walker et al. 2006), (2) the Longsnout 
Dogfish, a Near Threatened species for which the IUCN assessment is based on the 
global population, but which has also presented an >80% decline over 20 years on the 
New South Wales slope (Graham et al. 2001, Ebert and Valenti 2009) and therefore 
highly threatened on a regional scale, and (3) the Piked Spurdog, a species reported 
as Data Deficient with unresolved taxonomic problems and a major component on 
fisheries-independent trawl surveys (Graham et al. 2001). 
 
The medium priority species group consisted of mainly hound sharks and 
dogfishes: small to mid-sized sharks (usually ≤ 1,2m), commonly caught by both trawls 
and hooks. Dogfishes as a group are composed by demersal species lacking specific 
information about stocks and life-history traits, normally found through the lower 
continental shelf and upper slope. Some species of pelagic sharks with mid to larger 
size, such as Bronze Whaler, Shortfin Mako and Porbeagle also had similar degrees 
of fishery interaction. Nonetheless these large coastal and oceanic sharks have low 
productivity and although widespread, tend to present themselves in discrete regional 
populations and therefore FII values were influenced by high average catch in low 
abundance areas. 
 
The remaining bycatch species to which the model was applied is a group 
composed mainly of species of demersal sharks listed as Least Concern by IUCN, 
with the notable exception of four cases: Blue Shark, Smooth Hammerhead, 
Broadnose Shark and Whitefin Swellshark. The first two are both widely distributed 
pelagic-oceanic species and Blue Sharks have their IUCN status of Threatened 
justified by the large numbers in which the species is removed worldwide (estimated 
to be 20 million individuals y-1). In Australian waters, however, the species had low 
catch rates (< 2 metric tons-y) despite being commonly caught by longlines and gillnets 
(Stevens 2009) and thus fell out as of low vulnerability. Smooth Hammerhead is listed 
as Vulnerable globally, caught by a variety of gears in coastal and oceanic fisheries 
and often reported in multispecies groups. However previous assessments report the 
catch and fishing pressure in Australian waters as low (< 6 metric tons-y), and the 
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region is considered to be a refuge area for the species (Casper et al. 2005) justifying 
regionally a medium priority for the species. 
 
Broadnose Sharks are listed by IUCN as Data Deficient, and this demersal 
species is considered common and restricted to the lower continental shelf and the 
upper slope and therefore exposed to most inshore fisheries over its range 
(Compagno 2005). Whitefin Swellsharks are endemic to Southern Australia, with very 
little information known about the species. As with Broadnose Sharks, the distribution 
on the outer shelf and upper slope implies a high exposure to trawl fishing. Previous 
studies have shown declines (>30%) in swellsharks over a 20-year period (Graham et 
al. 2001, Barratt and Kyne 2011) and the low priority rating from this analysis might be 
indicative of an already heavily impacted stock. 
 
The information obtained by this study points to a group of species that require 
further individual and rigorous stock assessments and updated population status, 
mortality rates and reproductive capacity. Another point to be acknowledged here is 
that a large number of elasmobranchs, such as skates and rays, are not part of this 
assessment because a species-level confirmation was not feasible. These are 
normally reported in mixed or generic multi-species categories and therefore 
comparing with IUCN Red List Status was not possible. Moreover, generic categories 
can mask declines/increases in different components of the group and the sympatry 
with other bycatch on the continental shelf suggests that many species have a 
potential high interaction with fisheries. For example, in Australia just the complex 
“skates” which refers to family Rajidae includes 14 species reported in threatened 
categories or classified as Data Deficient. 
 
One advantage of the FII method is that it can be applied to a large number of 
species and it uses different temporal and spatial scales. Furthermore, the model does 
not require specific information such as size structure or mortality. This method is also 
cost and time effective and may be applied to other organisms due its flexibility to 
evaluate interactions between species and specific threats. For example, the retained 
catch in the FII model could be transformed to be removed biomass or number of 
individuals in a population, and the resilience metrics could be substituted for any 
adequate resilience metric. Results in this case should be evaluated considering the 
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directionality of the model and the conservation status of the species. Limitations to 
the FII approach presented in this study include the requirement to confirm the species 
identity within the catch, taking account of regional common names, especially when 
FII is paired to biological parameters. Another important requirement is the quality of 
the distribution data of both fishing operations and species distribution, which needs 
to be adjusted to the standard spatial scale to apply the method. Finally, the catch data 
used here aggregated all the gears and sub-sectors of the Southern and Eastern 
Scalefish and Shark Fisheries, and thus it might have overlooked regional interactions 
between gear and species. Nonetheless, the ranking provided here offer a rigorous 
justification for research and management prioritisation in data deficient situations. 
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Chapter 3 – Spatial and temporal trends in bycatch diversity of 
chondrichthyans in Australia fisheries 
 
KEYWORDS 
Chondrichthyans, Management, Fisheries, Bycatch. 
 
ABSTRACT 
 
Bycatch is one of the most common aspects of fisheries worldwide and recognized as 
one of the most significant hazards to a wide array of protected, vulnerable and 
threatened species. Furthermore, it is also reported an important and direct driver in 
loss of biodiversity. The issue has been addressed in global and local levels through 
a variety of ways, but among some of the most recent and effective is the identification 
of spatial and temporal trends. The results of this approach have been proven to 
contribute by pinpointing hotspots of incidental catch of threatened taxa. In this study, 
the spatial and seasonal distribution of chondrichthyan bycatch events in one of the 
biggest and most valuable sectors of Australia is analysed through three indicators: 
ratio of bycatch, bycatch per unit of effort and bycatch diversity. Overall results show 
a higher chance of chondrichthyan bycatch by gillnet operations, with different 
seasonal trends to each gear type. Results also indicated higher importance of 
oceanographic conditions to bycatch ratio as well to bycatch per unit of effort, whilst 
the diversity of bycatch chondrichthyans is mostly influenced by the type of gear used 
in fishing operations. Moreover, the spatial analyses indicated two major hotspots for 
the indicators of bycatch: Bass Strait and the Great Australian Bight. 
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INTRODUCTION 
 
One of the most common aspects of marine fisheries worldwide is the incidental 
catch of non-target species, defined by Saila (1983) as bycatch. These captures, 
regardless of whether retained or discarded (Kennelly 1995, Stobutzki et al. 2002, 
Walker and Stuart Gason 2007), include many protected, vulnerable and threatened 
groups and represent several negative consequences for marine resources, individual 
fishermen and the fishing industry (Hall et al. 2000). Despite numerous efforts by 
fishing regulation agencies and the general interest in bycatch as a frequent issue that 
usually draws public attention through charismatic species such as sea turtles, marine 
mammals, seabirds and sharks, bycatch is also a problem to many species of finfish 
and shellfish (Crowder and Murawski 1998, Hall et al. 2000, Lewison et al. 2014, Oliver 
et al. 2015). 
 
In marine fisheries, bycatch is considered the most widespread and direct driver 
of change and loss of global marine biodiversity (Pauly et al. 2005). Moreover, bycatch 
tends to be particularly more problematic for long-lived megafauna and K-selected 
strategists, and populations of various threatened species are subjected to bycatch 
and the increased mortality rates of older cohorts (Musick 1999, Hall et al. 2000, 
Stevens et al. 2000). Fishing mortality from bycatch broadly also contributes to  
overexploitation problems (Pauly et al. 1998) and in some cases the mean trophic 
levels of target species have decreased over time (Pauly et al. 1998, Stevens et al. 
2000, Ritchie and Johnson 2009). Fisheries overexploitation also reduces the 
availability of natural prey, either through direct removal of prey species or increased 
mortality though trophic cascades (Pauly et al. 1998, Myers et al. 2007). 
 
Bycatch is present in nearly every fishery but is likely to vary in its intensity 
depending on the types of gear used and locations fished. This scale of bycatch is 
strongly related to operational elements such as fleet size, effort, gear selectivity as 
well as ecological components such as species diversity, spatial distribution and 
migration patterns (Alverson 1994, Hall et al. 2000, Gilman et al. 2008). The highest 
rates of incidental catch of non-target species are usually associated with trawling 
operations, which can produce ratios between bycatch and target species from 3:1 
(3kg bycatch to each kilo of target species) up to 20:1 (Clucas 1997, Hall et al. 2000).  
 43 
 
 In more recent years, the bycatch issue has also been addressed by mapping 
bycatch “hotspots” for threatened taxa on local and global levels (Sims et al. 2008, 
Lewison et al. 2009, Wallace et al. 2010, Lewison et al. 2014). This powerful 
descriptive tool can provide remarkable aid to management when selecting taxa-
based closures and while contributing to improved knowledge about species 
biogeographical distribution and its interaction with fisheries bycatch. 
 
In Australia, most of the chondrichthyan catch occurs in the Southern and 
Eastern Scalefish and Shark Fishery Zone (SESSF) which covers near half of the 
Australian Economic Fishing Zone. The SESSF is a multi-gear and multi-species 
sector, with fishing gears including seines, trawlers (midwater, bottom and pair), 
gillnets, longlines and traps. The fisheries in SESSF sector target finfishes, including 
the only target chondrichthyan in the area, the Gummy shark (Mustelus antarcticus 
Günther, 1870). The Australian Fisheries Management Authority (AFMA) regulates 
fisheries by gear and species, with specific conditions about where and what to fish 
attached to permits. Fishing occurs year-round and it is one of the most valuable finfish 
fisheries (AFMA 2015). 
 
Identifying patterns in bycatch provides support to management by describing 
persistent bycatch events and possible spatial and temporal changes. These changes 
can be caused by species migratory or reproductive behaviour or even fisherman 
response to new regulations. Furthermore, it may highlight “hotspots” of bycatch and 
pinpoint threatened species on a seasonal, spatial and operational basis. Here I 
analyse spatial and seasonal distribution of chondrichthyan bycatch events in SESSF 
using three indicators: bycatch ratio, bycatch per unit of effort and bycatch diversity. I 
ask three specific questions to identify spatial and temporal trends: (1) How does 
bycatch fluctuate seasonally? (2) Is bycatch spatially consistent across seasons? (3) 
What are the factors that best explain variation in bycatch within the fishery? 
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METHODS 
 
There are several possible ways to evaluate bycatch, including, but not limited 
to: estimations of mortality, Catch or Bycatch per Unit of Effort (CPUE and BPUE, 
respectively), bycatch ratio (weight of bycatch per total catch weight) and presence 
and absence of incidental catch or catch of non-target species (Walker and Stuart 
Gason 2007, Zhou and Griffiths 2008, Lewison et al. 2014, Oliver et al. 2015). There 
are also several ways to define bycatch (Saila 1983, Crowder and Murawski 1998, 
Lewison et al. 2009). In this study I am considering the kept bycatch definition used 
by Crowder and Murawski (1998), which in simple terms describes bycatch as the 
retained and sold catch which is not the target of the fishery. Therefore, the values 
used in the spatial and temporal trends of bycatch in this study were calculated based 
on the retained non-target chondrichthyans of the SESSF sector. These trends were 
based on three metrics: Bycatch Ratio, Bycatch per Unit of Effort (BPUE) and Bycatch 
Diversity. These metrics were calculated for each individual fishing operation of each 
of the main gear types (trawl, gillnet and line) in the 2000–2014 fishery data series. 
The details of metric extraction and analysis are described in more details below. 
 
Data source 
 
 The database of fisheries operations used in this study was kindly provided by 
the Australian Fisheries Management Authority (AFMA) and it is based upon logbooks 
of individual fishing operations. This database is composed of records of the Southern 
and Eastern Scalefish and Shark Fishery (SESSF) sector and include data on the 
date, gear, species retained catch weight and location (DMS fishing grid cell ID) 
containing 3,572,855 records distributed amongst 702,725 individual fishing 
operations over the period from 2000 to 2014. 
 
The SESSF is a sector that covers almost half of the Australian Fishing Zone 
(Figure 3.1) and it is described as a multi-gear and multi-species sector. Fisheries in 
the sector target teleost species such as Blue grenadier (Macruronus novaezelandiae, 
Hector 1871), Tiger flathead (Platycephalus richardsoni Castelnau, 1872), Silver 
warehou (Seriolella punctata Forster, 1801), and Pink ling (Genypterus blacodes 
Forster, 1801), and also a chondrichthyan, the Gummy shark (Mustelus antarcticus 
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Günther, 1870). The Australian Fisheries Management Authority regulates these 
fisheries with specific rules managing fisheries by gear and target species. There is 
no seasonal distinction of the fishing operations and they happen in a year-round 
basis. The sector is reported among the most profitable commercial fisheries in 
Australia, yielding $A 72.2 million in 2013–2014 (AFMA 2015). 
 
 
Figure 3.1 – Australia’s Exclusive Economic Zone (EEZ) continuous black line and the Southern and 
Eastern Scalefish and Shark Fishery Area in parallel hatching (Datum WGS84). 
 
 
 
Data analysis 
 
Three main methods of demersal fishing were considered to identify temporal 
and spatial patterns through analysis of bycatch ratio, effort and diversity: (1) gillnets, 
(2) trawlers (including Danish seines) and (3) lines (demersal longlines, trotlines and 
power/automated handlines). In aggregate, these represented 698,739 of the 702,725 
fishing operations (>99%) for the 2000–2014 period in the SESSF. The remaining 
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<0.5% of the fishing operations were midwater trawlers and droplines, which mostly 
aim for pelagic fauna. These excluded operations were responsible for circa 47 metric 
tons of accumulated retained bycatch from 2000 to 2014, corresponding to 0.3% of 
the sector’s retained bycatch in the period. 
 
The bycatch ratio (Rwb) of each gear type was established for each individual 
fishing operation by calculating the ratio between total chondrichthyan bycatch (Wbc) 
weight and total target catch weight of the operation (Wt, Equation 1). 
Equation 1:  
𝑅𝑊𝑏 =
𝑊𝑏𝑐
𝑊𝑇
 
 
Bycatch per Unit of Effort (BPUE) was also calculated for each operation where 
the effort value was specific to each gear type: (1) bycatch weight per meter of net in 
gillnet operations, (2) bycatch weight per soaking time in trawling operations, and (3) 
bycatch weight per number of hooks in line operations. The diversity of chondrichthyan 
bycatch was calculated using Shannon-Wiener’s H’, which incorporates species 
richness and total abundance giving emphasis to evenness in an assemblage 
(Legendre and Legendre 1998). In this case an H’ value was calculated for each 
operation and retained bycatch weight was used as the measure of abundance (rather 
than individuals). Seasonal differences in the three aforementioned bycatch 
parameters (ratio, effort and diversity) were examined by comparing seasonal average 
values for each gear type in the time series. Seasonal changes of Bycatch Ratio and 
Bycatch Diversity were explored using two-way analysis of variance (ANOVA) and 
post hoc Tukey’s honestly significant difference (HSD) test to determine which groups 
in the sample differ. Seasonal differences in BPUE were assessed using one-way 
ANOVA models for each gear type separately because the units of BPUE differ for 
each gear type. Post hoc HSD tests were again used to assess differences among 
seasons as necessary. Normality of data was not explicitly assessed as ANOVA is 
known to be robust to violations of this assumption where samples sizes are large 
(Underwood 1997), which is the case here (minimum sample size of 6744 
observations). Levene’s tests were used to evaluate homogeneity of variance and 
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where significance was found (only for BPUE of gillnet and demersal line gear types), 
a non-parametric analysis of variance (Kruskal-Wallis test) was used instead. 
 
To evaluate factors which may be driving spatial and temporal patterns in 
bycatch I used machine learning technique of Random Forests. Random Forest is a 
non-parametric ensemble that extends the regression tree concept to multiple trees 
and averages across them to produce predictions that reduces bias and variance of 
the model (Breiman 2001, Cutler et al. 2007). Random forest models were run with 
the bycatch metrics as the response variables (separate models for each) and a series 
of predictor variables which included gear types, year, season, month, latitude and 
longitude of the operation, and values of the Southern Oscillation Index (SOI). Note 
that units of effort differed for each gear type and thus it was necessary to run a 
separate model for each gear type where BPUE was the response variable.  Random 
Forest models were generated to assess the relative importance of the chosen 
variables for the three aforementioned response variables using bootstrap (k = 500) 
replicates and the importance of the predictors was determined by comparing 
reductions in mean square error (MSE) if the variable is permuted (Liaw and Wiener 
2002). Monthly-weighted averages of SOI were used following the method adopted by 
the Australian Bureau of Meteorology: The Troup SOI, which is the standardized 
anomaly of the Mean Sea Level Pressure difference between Tahiti and Darwin; and 
it is calculated according to Equation 2. 
 
Equation 2 
𝑆𝑂𝐼 =
𝑃𝑑𝑖𝑓𝑓 − 𝑃𝑑𝑖𝑓𝑓𝑎𝑣
𝑆𝐷(𝑃𝑑𝑖𝑓𝑓)
 
 
Where: Pdiff is the difference between the average Tahiti Monthly Mean Sea 
Level and the Darwin monthly Mean Sea Level, Pdiffav is the long-term average of Pdiff 
for the month and SD(Pdiff) the long-term standard deviation of Pdiff for the month. 
  
To visualise and further identify seasonal spatial clusters of the bycatch 
response variables (ratio, effort and diversity), response surfaces were generated by 
applying a Kernel density function to the grid-based data (Rosenblatt 1956, Parzen 
1962, Silverman 2018). To perform Kernel density estimation, DMS grid coordinates 
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of fishing operations were converted to centroids of half-degree (~55km2) grid cells 
resolution and weighted by average values of Bycatch Ratio, BPUE and Bycatch 
Diversity (Shannon-Wiener Index) of each austral season: Summer (December – 
February), Autumn (March – May), Winter (June – August) and Spring (September – 
November). 
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RESULTS 
 
Frequency of Bycatch 
 
 The Australian Fisheries Management Authority (AFMA) Database for the 
Southern and Eastern Scalefish and Shark Fishery (SESSF) between 2000 and 2014 
contains 3,572,855 entries, the large majority of which is composed of demersal 
trawlers (>80%), followed by demersal gillnets and line fishing operations. These 
entries comprised 702,725 individual fishing operations in the period, with nearly 60% 
of them presenting retained bycatch species (Table 3.1, 59.3%, n = 417,010). 
Demersal gillnets were the gear that most frequently had chondrichthyan bycatch in 
the operations, catching non-target species in nearly every fishing event. Demersal 
longline (including automatic longlines and droplines) fishing operations had bycatch 
of sharks and relatives 72.4% of the time while for demersal trawlers (including Danish 
Seines) bycatch was present in 46.4% of the operations. 
 
Table 3.1 – Total number of fishing operations per gear, number of fishing operations with 
chondrichthyan Bycatch per gear and percentage of operations with chondrichthyan bycatch per gear 
between 2000 and 2014 in the Australian Southern and Eastern Scalefish and Shark Fishery. 
Gear Type 
Fishing 
operations (n) 
Fishing operations with 
bycatch (n) 
% of operations with 
bycatch 
Demersal Trawl 507,872 235,699 46.4 
Gillnet 158,020 157,053 99.4 
Demersal Line 32,847 23,780 72.4 
Midwater Trawl 2,653 152 5.7 
Others* 1,333 326 24.5 
Total 702,725 417,010 59.3 
*including fish traps, pole and line, rod and reel, trotlines, trolling, squid jigs and gear unknown or 
unspecified 
 
Chondrichthyan bycatch ratios 
 
 There was a significant interaction between Gear and Season in the ANOVA 
analysis of bycatch ratio (Table 3.2).  Post-hoc analyses indicated that Gillnet bycatch 
ratio was much higher than that for demersal trawl and demersal line in all seasons 
(Figure 3.2, Table 3.3). The interaction arose because the latter two differed only for 
spring, where line was much larger than trawl (Table 3.3). The post-hoc results related 
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to seasonal differences within each gear type (summarised visually in Figure 3.2b-d) 
indicated no consistent seasonal differences.  Ratios were generally highest in the 
spring and lowest in the autumn and winter for both gillnets and lines (Figure 3.2b & 
d) For trawls however, bycatch was highest in the winter (Figure 3.2c). 
 
 
 
Figure 3.2 – Overall comparison between average (± SE) of seasonal bycatch ratio of gear types 
(above) and seasonal averages per individual gear type (below) in the Australian Southern and Eastern 
Scalefish and Shark Fishery from 2000 to 2014.  
 51 
 
Table 3.2 – Summary of results of the Two-Way Analysis of Variance between for averages of bycatch 
ratios seasons and gears in the in the Australian Southern and Eastern Scalefish and Shark Fishery 
from 2000 to 2014. 
 Sum of sqrs df Mean square F p 
Gear 2,239,110 2 1.11 3175 <0.0001 
Season 6,988.25 3 2,329.42 6.60 <0.0001 
Gear*Season 94,473.30 6 15,745.50 44.66 <0.0001 
Within 46,314,700 131,363 352.57   
Total 48,663,500 131,374    
 
Table 3.3 – Summary of differences in bycatch ratio among gear types for each season based on post-
hoc tests. The number of “>” corresponds to the p-value whilst “=” corresponds to no statistically 
significant differences: “>” for p ≤ 0.05; “>>” for p ≤ 0.01; “>>>” for p ≤ 0.001. 
Season Bycatch Ratio per gear type relationship 
Summer Gillnets >>> Demersal Line = Demersal Trawl 
Autumn Gillnets >>> Demersal Line = Demersal Trawl 
Winter Gillnets >>> Demersal Line = Demersal Trawl 
Spring Gillnets >>> Demersal Line >>> Demersal Trawl 
 
The Random Forest analysis indicated that the seven explanatory variables 
explained 37.4% of the variation in the bycatch ratio data. The Southern Oscillation 
Index (SOI) and year were the most important variables, whilst latitude and longitude, 
and therefore location, were the explanatory variables of less importance (Figure 3.3). 
 
 
Figure 3.3 – Mean square-error (%IncMSE) corresponding to the seven original variables. Importance 
of explanatory variables from Random Forest model for the chondrichthyan bycatch ratio on the 
Southern and Eastern Scalefish and Shark Fishery from 2000 to 2014. 
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The partial plots in Random Forest models are useful to see the impact of each 
predictor individually on the response – averaged over the other predictors. Therefore, 
although no linear relationship was found for SOI and Bycatch Ratio (Figure 3.4) there 
is some evidence for increased variance in the influence of SOI on bycatch ratio 
between –0.9 and 0.9 SOI Index. The higher values in the Mean Square Error means 
that SOI had the greatest impact in the response model when combined with other 
predictors. Partial dependence plots indicated an overall increase in the bycatch ratio 
values in the last three years of the time series (2012–2014), reaching the highest 
values in 2014 (Figure 3.5). The monthly variation indicated highest values of bycatch 
ratios during May, October and November and lowest values in January, February and 
April. On a seasonal basis, highest values of bycatch ratios were obtained for the 
austral spring, followed by autumn and winter, and lowest values obtained for the 
austral summer. 
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Figure 3.4 – Partial dependence plots of Southern Ocean Index variation for the Random Forest model of chondrichthyans bycatch ratio on the Southern and 
Eastern Scalefish and Shark Fishery from 2000 to 2014. 
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Figure 3.5 – Partial dependence plots of temporal variation for the Random Forest model of 
chondrichthyans bycatch ratio on the Southern and Eastern Scalefish and Shark Fishery from 2000 to 
2014.  
 
 Kernel density plots showed relatively small but higher density clusters of 
bycatch ratio. These clusters are not spatially consistent patterns throughout the year. 
During the austral summer, highest bycatch ratio density was obtained in the Bass 
Strait region (around 40°S 146°E) whilst during austral autumn (March–May) high 
density of bycatch ratio was observed in the Great Australian Bight (around 33°S 
130°E). Furthermore, during austral winter clusters between these regions, while 
spring had a bycatch ratio cluster between it. Nonetheless, spring also had bycatch 
ratios higher than the other seasons (Figure 3.6).  
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Figure 3.6 – Kernel Density of seasonal chondrichthyan bycatch ratio in the Southern and Eastern Scalefish and Shark Fishery from 2000 to 2014. Maps of 
bycatch ratio for the austral seasons: summer (a) = December–February, autumn (b) = March–May, winter (c) = June–August, and spring (d) = September–
November. 
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Chondrichthyan bycatch per unit of effort 
 
 Results of the non-parametric analysis of variance (Kruskal–Wallis test) applied 
to seasonal bycatch per unit of effort of each gear indicated statistically significant 
differences for gillnet operations (H(3, 8438) = 9.22, p < 0.05) and gillnet fishing 
operations had the highest values of BPUE during austral summer (December–
February) and lowest in austral winter (June – August) (Figure 3.7a) with Tukey’s HSD 
post hoc indicating statistically significant differences between the pairs summer-
winter and autumn–winter (Table 5). Demersal trawl operations did not present 
statistically significant differences (F(3, 96986) = 2.45, p = 0.06) although highest 
values during autumn and winter. In turn, for demersal line operations Kruskal-Wallis 
test indicated statistically significant differences (H(3, 6744) = 17.7, p < 0.001) and 
BPUE was lower in autumn and winter and higher in summer and spring (Figure 3.7c) 
and the post hoc test indicated statistical significant differences only between summer 
and autumn.  
 
 
 
Figure 3.7 – Seasonal comparison between average (± SE) of Bycatch per Unit of Effort per individual 
gear type on the Southern and Eastern Scalefish and Shark Fishery from 2000 to 2014. 
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The Random Forest modelling indicated that explanatory variables accounted 
for 47.48% of the variance in the Gillnet BPUE, 22.25% for demersal trawl and 59.83% 
for demersal line operations. The models indicated that month, year and Southern 
Oscillation Index were the most important variables for gillnet and demersal line BPUE 
(Figure 8a, 8c), and Latitude and Longitude for demersal trawl operations BPUE 
(Figure 8b), and therefore suggesting a stronger relation between oceanographic 
conditions and temporal variance for BPUE of gillnet and line, while location of the 
fisheries for BPUE of demersal trawl. Season was the least important explanatory 
variable in all models (Figure 3.8). 
 
 
Figure 3.8 – Mean square-error (%IncMSE) corresponding to the six variables used for the three gear-
effort models: (a) gillnets, (b) demersal trawlers and (c) demersal lines). Importance of explanatory 
variables from Random Forest model for the chondrichthyan bycatch per unit of effort (BPUE) on the 
Southern and Eastern Scalefish and Shark Fishery from 2000 to 2014. 
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The partial dependence plots of the Southern Oscillation Index (SOI) did not 
shown a clear linear relation with BPUE of any of the gear types (Figure 3.9), 
nonetheless, the predictor had a high impact over BPUE of gillnets and demersal line 
operations when considered along with the other predictors. Partial dependence plots 
for the Random Forest models for the temporal predictors of BPUE showed distinct 
patterns for the three types of gear (Figure 10). In the gillnet fishing operations, there 
was an overall increase in the chondrichthyan bycatch per unit of effort through the 
years, with two noteworthy peaks in 2005 and 2007. Moreover, monthly variation 
showed highest values in October, as well in April and May, with the latter two 
reflecting the results of seasonal patterns (highest values in austral autumn, Figure 
3.10a). There was also an overall yearly increase in BPUE in demersal trawl 
operations, and values were highest between April and August (Figure 3.10b). Unlike 
the other two methods, demersal lines BPUE decreased between 2000 and 2014, and 
with the exception of a peak in November, monthly values were somewhat stable. 
Seasonal patterns of demersal line BPUE also differ from other fishing methods, being 
highest during austral spring and summer (September–February) and lowest in austral 
winter (June–August) (Figure 3.10c).  
    
 
Kernel density analyses of seasonal BPUE in gillnet fishing operations during 
the 2000-2014 period did not result in any clear seasonal patterns, with relatively small 
areas of higher density occurring around the Bass Strait region (40°S 146°E) and the 
Great Australian Bight (33°S 130°E). The highest values were in austral summer and 
autumn, and lowest in austral winter (Figure 3.11). In the demersal trawl operations 
BPUE there was one particularly high density (though seasonally variable) and 
persistent cluster in South Tasmania during summer, autumn and spring (Figure 3.12). 
During austral winter (June–August) demersal trawl BPUE values were much lower 
than the other seasons, with a density hot spot around Kangaroo Island (35°S 137°E) 
off the South Australia’s coast. In demersal line operations, there were hot spots along 
the coast of South Australia and on the east coast, between the main land and Lord 
Howe Island (Figure 3.13). 
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Figure 3.9 – Partial dependence plots of Southern Oscillation Index (SOI) variation for the Random Forest model of chondrichthyans bycatch per unit of effort 
(BPUE) for the three main fishing gears on the Southern and Eastern Scalefish and Shark Fishery from 2000 to 2014. Gillnet operations (a), demersal trawl 
operations (b), and demersal line operations (c). 
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Figure 3.10 – Partial dependence plots of temporal variation for the Random Forest model of chondrichthyans bycatch per unit of effort (BPUE) for the three 
main fishing gears on the Southern and Eastern Scalefish and Shark Fishery from 2000 to 2014. Gillnet operations (a), demersal trawl operations (b), and 
demersal line operations (c). 
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Figure 3.11 – Kernel Density of seasonal chondrichthyan bycatch per unit of effort (BPUE) in gillnet operations the Southern and Eastern Scalefish and Shark 
Fishery from 2000 to 2014. Maps of chondrichthyan BPUE for the austral seasons: December–February = summer (a), March–May = autumn (b), June–August 
= winter(c) and September–November = spring (d). 
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Figure 3.12 – Kernel Density of seasonal chondrichthyan bycatch per unit of effort (BPUE) in demersal trawl operations the Southern and Eastern Scalefish 
and Shark Fishery from 2000 to 2014. Maps of chondrichthyan BPUE for the austral seasons: December–February = summer (a), March–May = autumn (b), 
June–August = winter(c) and September–November = spring (d). 
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Figure 3.13 – Kernel Density of seasonal chondrichthyan bycatch per unit of effort (BPUE) in demersal line operations the Southern and Eastern Scalefish and 
Shark Fishery from 2000 to 2014. Maps of chondrichthyan BPUE for the austral seasons: December–February = summer (a), March–May = autumn (b), June–
August = winter(c) and September–November = spring (d). 
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Chondrichthyan bycatch diversity 
 
 Average bycatch diversity was highest for gillnets though there were different 
seasonal patterns in each gear type (Table 3.4, Figure 3.14). Results of two-way 
analysis of variance indicated statistically significant differences for gears, seasons 
and for the interaction (Table 3.4). Whilst Tukey’s HSD post hoc test indicated gillnets 
were statistically higher than the other gear types in all seasons (Table 3.5), the 
average diversity of demersal line operations was statistically also higher than 
demersal trawl in all seasons but austral autumn (March–May) (Table 3.5). Tukey’s 
HSD post hoc tests failed to indicate statistically significant differences for gillnet 
operations in the pairwise comparison between austral summer–spring (p = 0.47) and 
autumn-winter (p = 0.95). In demersal trawl operations bycatch diversity was 
significantly different in all seasons, with the rank order winter > autumn > spring > 
summer (Figure 3.14b). Moreover, post hoc tests did not indicate statistically 
significant differences in any pairwise combinations amongst seasons in average 
diversity of demersal line operations (Figure 3.14c).  
 
Table 3.4 – Summary of results of the Two-Way Analysis of Variance between for averages of 
chondrichthyan bycatch diversity (Shannon–Wiener’s Index) seasons and gears in the in the Australian 
Southern and Eastern Scalefish and Shark Fishery from 2000 to 2014. 
 Sum of sqrs df Mean square F p 
Gear 3,289.21 2 1,644.60 13,290 <0.0001 
Season 5.54 3 1.84 14.94 <0.0001 
Gear*Season 67.70 6 11.28 91.16 <0.0001 
Within 41,025.10 331,418 0.12   
Total 44,375.10 331,429    
 
Table 3.5 – Summary of differences in chondrichthyan bycatch diversity (Shannon-Wiener’s Index) 
among gear types for each season based on post-hoc tests. The number of “>” corresponds to the p-
value whilst “=” corresponds to no statistically significant differences: > for p ≤ 0.05; >> for p ≤ 0.01; >>> 
for p ≤ 0.001. 
Season Bycatch Diversity per Gear Relationship 
Summer Gillnets >>> Demersal Line >>> Demersal Trawl 
Autumn Gillnets >>> Demersal Line = Demersal Trawl 
Winter Gillnets >>> Demersal Line > Demersal Trawl 
Spring Gillnets >>> Demersal Line >>> Demersal Trawl 
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Figure 3.14 – Seasonal comparison between averages (±SE) of chondrichthyan bycatch diversity 
(Shannon-Wiener Index) per individual gear type on the Southern and Eastern Scalefish and Shark 
Fishery from 2000 to 2014. 
 
 
 
Random forest models explained 15.2% of the variation in bycatch diversity 
with gear type and SOI as the most important variables followed by year and spatial 
location (longitude and latitude) (Figure 3.15). Despite the high importance of the 
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Southern Oscillation Index in the Random Forest model, partial dependence plots of 
this predictor did not demonstrate any clear direct correlation with by catch diversity 
(Figure 3.16) suggesting that, similar to the situation with Bycatch Ratio and BPUE, 
this predictor is important in combination with the other predictors used in the model. 
Partial dependence plots for the Random Forest model (Figure 3.17) for the temporal 
predictors showed a somewhat stable yearly trend, with exception of the lowest value 
in 2000, the first year of the time series, and a peak on 2008–2009. Monthly trends 
indicated highest Shannon–Wiener Index values in early austral autumn (March–April) 
decreasing towards the end of the year. This tendency was reflected in the seasonal 
pattern, where the highest values of diversity occurred during autumn while the lowest 
values occurred in the austral summer (December–February). 
 
The kernel density plots highlighted hotspots of bycatch diversity in the 
southern portion of the sector, with consistent seasonal clusters in the Great Australian 
Bight region, around 33°S 130°E (Figure 3.18). Moreover, hotspots of chondrichthyan 
bycatch diversity were observed during the months of austral summer and autumn 
(i.e. December–May) in Bass Strait (40°S 146°E) and the North-western Coast of 
Tasmania (42°S 144°E). 
 
 
Figure 3.15 – Mean square-error (%IncMSE) corresponding to the original variables. Importance of 
explanatory variables from Random Forest model for the chondrichthyan bycatch diversity (Shannon–
Wiener index) on the Southern and Eastern Scalefish and Shark Fishery from 2000 to 2014. 
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Figure 3.16 – Partial dependence plots of Southern Oscillation Index (SOI) variation for the Random Forest model of chondrichthyans bycatch per unit of effort 
(BPUE) for the three main fishing gears on the Southern and Eastern Scalefish and Shark Fishery from 2000 to 2014. Gillnet operations (a), demersal trawl 
operations (b), and demersal line operations (c). 
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Figure 3.17 – Partial dependence plots of temporal variation for the Random Forest model of 
chondrichthyans bycatch diversity (Shannon–Wiener’s H’) for the three main fishing gears on the 
Southern and Eastern Scalefish and Shark Fishery from 2000 to 2014. 
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Figure 3.18 – Kernel Density of seasonal chondrichthyan bycatch diversity (Shannon –Wiener Index) in the Southern and Eastern Scalefish and Shark Fishery 
from 2000 to 2014. Maps of diversity for the austral seasons: December–February = summer (a), March–May = autumn (b), June–August = winter(c) and 
September–November = spring (d). 
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DISCUSSION 
 
 
This study has shown that the use of multiple metrics is effective to identify 
spatial and temporal trends in chondrichthyan bycatch. In this study, I used the ratio 
between chondrichthyan bycatch and target species weight, gear-adjusted bycatch 
per unit of effort (BPUE) and chondrichthyan bycatch diversity in a 15 years data series 
of one of the largest and most profitable fisheries of Australian Exclusive Economic 
Zone. Furthermore, these bycatch metrics can be used alongside spatial, temporal 
and operational fishing predictors to identify areas, seasons and gears of bycatch risk, 
improving fishing management and species conservation. 
 
Based upon the overall results, it is clear that although only representing circa 
25% of the operations in the sector and in the time-series considered here, gillnets 
had the highest values of all bycatch indicators and therefore represent the fishery that 
should be more carefully evaluated in future fisheries assessments. Moreover, gillnet 
seasonal trends shown generally higher values of the bycatch ratio, BPUE and 
diversity during warmer seasons (i.e. austral summer and spring). Moreover, machine 
learning technique models indicated a strong relation of the Southern Oscillation Index 
(SOI) with overall bycatch ratio and the BPUE of gillnet operations. This may be 
influenced by shelf-break features of the Great Australian Bight–GAB (between 35°S–
36°S, 125°E–130°E), where the majority of the operations of gillnets happened. The 
region present seasonal oceanographic features with the mixed layer depth deepens 
from 50m in summer to 150m in winter (Young et al. 2000, Longhurst 2010). Such a 
seasonal range is probably associated with an austral spring bloom followed by 
summer oligotrophic conditions. There is also evidence of lower chlorophyll 
concentration between late austral spring (November) and early austral autumn 
(March), therefore a lag between primary and secondary productivity could be 
associated higher bycatch ratios and BPUE of gillnets operations in summer. 
 
Although demersal trawl had statistically lower values of the bycatch metrics 
than gillnet operations, it was the most frequent and common gear used in the sector 
during the period, representing over 70% of the fishing operations. Furthermore, the 
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general results of bycatch metrics for demersal trawl fishing indicated higher bycatch 
impact of this gear during colder seasons. Bycatch ratio was statistically higher in 
austral winter (June–August) and diversity was higher in autumn (March-May) and 
winter. Whilst there were no statistically significant differences in BPUE of demersal 
trawl through seasons, higher values were also obtained for autumn and winter. 
Machine learning models of BPUE for demersal trawl fishing operations indicated 
more importance of spatial predictors of latitude and longitude and lower influence of 
the temporal predictors and of SOI. Given that both bycatch ratio and the BPUE 
incorporate the weight of bycatch, the differences in this case are potentially related 
to the strong spatial cluster in effort which may drive BPUE to be spatially concentrated 
even if the overall amount of chondrichthyans caught in relation to target species is 
not. Moreover, similar to the GAB, the primary production with nutrient limitation and 
higher productivity in late austral spring (October–November) (Longhurst 2010) have 
apparent stronger effects on the east coast of Tasmania, and are probably one of the 
reasons why the high density of BPUE for trawl operations was associated to the 
south–west coast. 
The demersal line fishing in the sector during the time series represented less than 
5% of the fishing operations and showed a less consistent seasonal pattern of the 
chosen bycatch metrics than the other gears. Nonetheless, austral spring 
(September–November) presented relatively high values of the bycatch metrics for 
this gear.  
 
Bycatch patterns in the SESSF are different from the ones reported in global 
assessments, where longlines and pelagic fisheries account for most of the bycatch 
(Oliver et al. 2015). Although fleet size should be taken in account, the probability of 
the species being caught by the gear, and species ecological traits, such as migratory 
movements and recruitment, defining the probability of the encounter. Studies testing 
gear selectivity considered gillnet to be have high probability of catch given the 
encounter, due the wider range of possible apprehension (i.e. snagged, gilled, wedged 
and entangled) given the mesh size (Rudstam et al. 1984, Karlsen and Bjarnason 
1987). Moreover, a review study reported less than five articles per year evaluating 
bycatch in gillnets in opposition of almost 20 analyzing trawl bycatch and almost 50 
evaluating longline bycatch. Nonetheless, while gillnets in this study were of higher 
importance to shark and ray bycatch, the gear has also been related with the bycatch 
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of protected taxa such as marine mammals in the Great Australian Bight region 
(Lewison et al. 2014). Moreover, gillnets are a gear that apparently is not frequently 
evaluated in bycatch studies: 
 
The machine learning technique of Random Forests used to evaluate the 
importance of predictors driving spatial and temporal patterns in chondrichthyan 
bycatch in the SESSF during the 2000–2014 time series indicated different sets of 
important factors for the response variables (Table 3.6). The Southern Oscillation 
Index although not linearly correlated with the response variables was among the most 
important predictors for bycatch ratio and BPUE in gillnet and demersal line 
operations. Random Forest models are complex to interpret in terms of linear plots, as 
their results are based on decision trees meaning that poor linear relationships 
between a predictor and a response does not mean that the predictor is not important 
when considered alongside other predictors (Breiman 2001, Liaw and Wiener 2002). 
Higher values of bycatch ratio and BPUE for gillnet and demersal line fishing found in 
austral summer and spring can be related to oceanographic features during warmer 
months, were higher productivity and the seasonal presence of migratory species 
allied to more stable oceanic conditions may facilitate overall catch in fishing 
operations (Cresswell 2001, Last and White 2011).  
 
Variations in climate has not only great impacts over the growth, reproduction 
and overall survival of individuals, with direct and indirect impacts over populations, 
communities or entire ecological systems but also the fishing activities (Lehodey et al. 
2006). Furthermore, ecosystem primary production determines the fish production and 
the proportion of the catch (Brander 2007). Evidence has shown that some meso to 
top level predators had higher landings during weak El Niño years, but also that the 
consequences of ENSO over climate conditions and prey availability impacting 
distribution and abundance of populations (Lehodey et al. 1997, Kumar et al. 2014) 
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Table 3.6 – Summary of weighted mean square-error (%IncMSE) results of the random forest models 
applied to the chondrichthyan bycatch response variables in the Southern and Eastern Scalefish and 
Shark Fishery from 2000 to 2014. Importance of each variable is highlighted in green tones (more 
important = darker green, less important = lighter green), sections in white indicate null values. 
Variable SOI Latitude Longitude Year Month Season Gear 
Bycatch Ratio 1.00 0.25 0.23 0.99 0.75 0.48 0.43 
BPUE 
Gillnet 0.90 0.47 0.61 0.7 1 0.45 - 
Trawl 0.53 1.00 0.86 0.55 0.36 0.16 - 
 Line 1.00 0.67 0.72 0.99 0.89 0.49 - 
Bycatch Diversity 0.52 0.43 0.48 0.49 0.29 0.16 1.00 
 
 
Models of BPUE in demersal trawl fishing operations indicated more 
importance of spatial predictors of latitude and longitude and lower influence of the 
temporal predictors and of SOI. Given that both bycatch ratio and the BPUE 
incorporate the weight of bycatch the differences in this case are potentially related to 
the strong spatial cluster in effort which may drive BPUE to be spatially concentrated 
even if the overall amount of chondrichthyans caught in relation to target species is 
not.  
 
Gear was the most important predictor in the Random Forest models for 
chondrichthyan bycatch diversity, but for not bycatch ratio. Different gears have 
different selectivity, and it is expected that area and species are exploited differently 
by different gear (Hilborn and Walters 2013). Therefore, it is reasonable to assume 
that the gears evaluated in this study are also exploiting different assemblages. 
Moreover, bycatch diversity models indicated lower influence of other spatial and 
temporal variables, so one could assume that the models of bycatch diversity may 
provide more of a qualitative outlook considering richness and evenness rather than 
a quantitative approach based in the total bycatch weight per units of effort or ratios 
related to target species. 
 
Mapping hotspots of bycatch is a useful technique applied in more recent years 
at several spatial scales to highlight areas of major importance (Sims et al. 2008, 
Lewison et al. 2009, Wallace et al. 2010, Lewison et al. 2014). Overall results of the 
Kernel density analysis indicated relatively small clusters or “hotspots” for seasonal 
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bycatch ratio and bycatch per unit of effort (BPUE), and more widespread areas of 
seasonal bycatch diversity. Nonetheless, with some exceptions, these hotspots 
occurred in two main areas that should be considered prudently in future 
chondrichthyan conservation and management plans: Bass Strait (between 40°S–
42°S, 145°E–147°E) and the Great Australian Bight (between 35°S–36°S, 125°E–
130°E). These two regions had somewhat consistent clusters through the seasons in 
the time series, showing areas of high bycatch ratio through most of the year, with 
higher values during austral summer (December–February) and spring (September–
November). Although each gear had distinct bycatch per unit of effort values, spatial 
patterns were considerably consistent within the two aforementioned areas. The 
exception to this trend was the consistently higher density of BPUE in demersal trawl 
operations in south Tasmania. 
 
The Kernel density of seasonal chondrichthyan bycatch diversity (Shannon–
Wiener’s Index) showed lower density “hotspots” in Bass Strait only during austral 
winter (June–August) whilst in the Great Australian Bight a large and consistent area 
of higher diversity can be identified in all seasons. Moreover, during austral summer 
and spring the diversity density reaches higher values along the eastern coast of 
Australia (Figure 15), potentially related to productivity patterns previously mentioned 
over the productivity of the marine environment and its consequences for marine 
populations (Ridgway and Godfrey 1997, Ridgway 2007, Ridgway and Hill 2009, 
Longhurst 2010). 
 
 This study has highlighted some important drivers of bycatch in a key Australian 
fishery.  This information is critical in the management of a group like chondrichthyans 
that is widely known for its low resilience to fishing pressure (Stevens et al. 2000, Sims 
et al. 2008, Lewison et al. 2014). The identification of areas of higher bycatch through 
the use of heat maps is a straightforward technique that clearly translates assessment 
results to fishermen, managers, fisheries scientists and other stakeholders to inform 
discussions regarding important areas for conservation. 
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Chapter 4 – Age, growth and reproductive biology of two endemic 
demersal bycatch chondrichthyans: Trygonorrhina fasciata & 
Dipturus australis from Eastern Australia 
 
KEYWORDS 
Rhinobatidae, Rajidae, growth, age sexual maturity 
 
ABSTRACT 
 
Bottom-dwelling elasmobranchs, such as guitarfishes, skates and stingrays are highly 
susceptible species to bycatch due the overlap between species distribution and area 
of fishing operations. Moreover, when reported, the catch data merged in generic 
categories preventing species–specific assessments. Among the species affected by 
these issues along the east coast of Australia are the Eastern Fiddler Ray 
Trygonorrhina fasciata (Muller & Henle, 1841) and the Sydney Skate Dipturus australis 
(Macleay, 1884). In this study the age, growth and reproductive parameters of these 
two species are estimated and reported based on 171 specimens of Eastern Fiddler 
Rays (100 ♀ and 71 ♂) and 81 Sydney Skates (47 ♀ and 34 ♂). Age estimates, based 
on counts of growth bands in the vertebrae, were used to calculate the parameters of 
the von Bertalanffy growth function for Eastern Fiddler Rays L∞ = 109.61, t0 = 0.26 
and k = 0.20 (both sexes combined) whereas the Sydney Skate was L∞ = 51.95, t0 = 
-0.99 and k = 0.34 (both sexes combined). Somatic indexes indicated higher liver 
weight ratios (HSI) for both species during austral summer, and higher gonadal weight 
ratios (GSI) in austral winter for Eastern Fiddler and during austral spring for Sydney 
Skates. 
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INTRODUCTION 
 
In recent years fisheries information systems highlighted the importance of 
species-specific management for bycatch species of chondrichthyans, especially 
demersal batoids, mainly driven by issues related to catch-aggregated records in 
landing statistics which underestimate changes in community structure and mask 
reductions in populations of K–selected strategists (Agnew et al. 2000, Dulvy et al. 
2000). Demersal trawl fisheries have very high bycatch rates due to the gear’s low-
selectivity and often include many species of bottom–dwelling Elasmobranchs. There 
are very few directed Elasmobranch fisheries worldwide (Clarke and Rose 2005), and 
Australia is no exception, with the majority of these occurring on mixed species 
assemblages (AFMA 2015).  
 
Bottom-dwelling elasmobranchs, such as guitarfishes, skates and stingrays are 
among the species listed as highly susceptible to bycatch due to the substantial 
overlap between species’ general distribution and common area of fishing operations, 
which normally take place on the continental shelf (Stevens et al. 2000, Kaschner et 
al. 2013, AFMA 2015). Generic categories are used in records of elasmobranch 
landings (e.g. Fiddler Rays, Skates, Rays), preventing species-specific assessments 
to determine current status. In more recent years, species like skates and rays that 
used to be discarded are now retained and sold in local markets (Stevens and Valenti 
2009). Among the several species affected by these issues along the east coast of 
Australia are the Eastern Fiddler Ray Trygonorrhina fasciata (Muller & Henle, 1841) 
and the Sydney Skate Dipturus australis (Macleay, 1884). 
 
The Eastern Fiddler Ray Trygonorrhina fasciata is a relatively common inshore 
batoid throughout its range (Last et al. 2009). The species is described to occur from 
shore to depths of 100m and inhabits shallow soft substrate habitats and seagrass 
meadows (Michael 1993, Last et al. 2009). However, no definitive population data exist 
on this species due to previous taxonomic confusion with the Southern Fiddler Ray 
Trygonorrhina dumerilii and the Eastern Shovelnose Ray Aptychotrema rotrata. Trend 
analysis performed on the Fiddler Ray from the Eastern region of the Southern and 
Eastern Scalefish and Shark Fishery Sector (which more likely referred to T. fasciata 
taking account of the species’ distribution) suggested a decreasing population trend 
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where the estimated CPUE of 2.96 kg km–1 in 1998 dropped and remained somewhat 
stable at around 0.24kg km–1 from 1999 to 2006 (Walker and Stuart Gason 2007, 
Huveneers 2015). Furthermore, reports indicate that T. fasciata is likely to represent 
circa 20% of the combined catches of the “shovelnose/fiddler ray” species complex 
(Huveneers 2015). 
 
The Sydney Skate Dipturus australis was once one of the most common skates 
on the continental shelf off Eastern Australia (Graham et al. 2001). However, evidence 
shows that it has declined significantly through its distribution range. Fishery 
independent surveys off southern New South Wales (NSW) have shown that catch 
rates for "skates" combined have declined by 83% between 1976/1977 and 1996/1997 
(Graham et al. 2001) and the D. australis was the dominant species in the upper depth 
zone surveyed (200–275 m). In 2005, 29% of Dipturus australis were retained based 
on observer monitored catches (Walker and Stuart Gason 2007). IUCN lists Sydney 
Skate as Vulnerable (VU A2bd+4bd) based upon past and continued population 
declines, estimated to be higher than 30% throughout its range (Stevens and Valenti 
2009). 
 
Information about life history traits is pivotal for fisheries management and 
conservation of any species. Shark management and conservation is frequently 
obstructed by the lack of knowledge at population levels (Baum et al. 2003) and of 
basic biological information. The latter has been used to improve information about 
effects caused by fishing mortality and predict population recovery trajectories (Musick 
1999). Understanding the age structure of a population forms the basis for calculations 
of growth rate, mortality (natural and anthropogenic) and productivity, and therefore 
earning a spot among the most important biological data (Campana 2001). Moreover, 
the success in management of elasmobranch fisheries is intimately related to the 
quality of the biological information of species caught, whether targeted or incidental 
(Bonfil 2005).  
 
Demersal elasmobranchs frequently are among the species with least 
information available, hindering further evaluation of stocks and restricting modelling 
of impacts. Thus, when monitoring data are inadequate population declines cannot be 
detected (IUCN 2001a). Such concerns are not recent, and resulted in an international 
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plan of action for conservation and management of sharks made by the Food and 
Agriculture Organization (FAO), and in the increasing number of studies aiming to 
improve knowledge about the group (Walker 1998). The aim of this study was to 
estimate age, growth and reproductive condition dynamics of two common bycatch 
endemic batoids: Eastern Fiddler Ray Trygonorrhina fasciata and Sydney Skate 
Dipturus australis. Age and growth were assessed using vertebral band pair counts 
while condition indices were evaluated based on weight and the relative stage and 
size of gonads. 
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METHODS 
 
Sample source 
 
Samples were obtained by the Department of Primary Industries, New South 
Wales – Fishery Observers program (DPI–Fisheries). Individuals were collected from 
October 2015 – December 2016 and caught by commercial trawlers operating in the 
northern central coast of New South Wales (Figure 4.1), namely the continental shelf 
of Sydney (33o50’S 151o12’E), Newcastle (32o55’S 151o46’E) and Nelson Bay 
(32o42’S 152o11’E). After collection, whole individuals were stored frozen at the 
Sydney Institute of Marine Science (SIMS) where they were measured, weighed and 
processed. 
 
Figure 4.1 – Map of Australia (a), New South Wales (b) and the upper central New South Wales coast 
(c) showing general landing locations of the sampled individuals of Eastern Fiddler Ray (Trygonorrhina 
fasciata) and the Sydney Skate (Dipturus australis). 
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Body metrics and condition 
 
Body measurements were made according to Compagno (1984): most 
importantly total length (Lt) from snout tip to tail tip, measured to the nearest millimetre 
(±0.1mm). Weight was obtained in grams using digital platform scales, and a weight-
length relationship (WLR) was estimated for males and females (including gravid 
females) separately using R (Team 2013) according to the relationship:  
 
W = a*Lb 
 
where W is total weight (g), L is length (cm) ‘a’ is a constant (not the intercept) and ‘b’ 
is a value determining the steepness of the inflexion of the curve. 
 
The hepatosomatic index, which is the ratio of liver weight to total body weight 
and is used as an indicator of energy reserve, was calculated as: 
 
HSI = WL*100/W 
 
where: WL = liver weight and W = total weight. Average values of HSI were calculated 
for combinations of sex and season to identify periods of higher energy accumulation. 
Higher HSIs are normally found in periods preceding events of high metabolic activity 
such as migrations, reproduction or cycles of low environmental productivity. 
Considering that neither of the species in this study is reported as migratory and both 
are endemic with relatively small distributions it is reasonable to assume that HSI 
seasonal changes relate mostly to reproductive cycles or seasonal oceanographic 
changes. Seasonal differences in average values of the Hepatosomatic Index between 
genders and species were tested through analysis of variance (ANOVA). 
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Age and growth  
 
A section of the pre-caudal area of the vertebral spine, anterior to the pelvic 
girdle (c. 10cm in Eastern Fiddler Rays and 7cm of Sydney Skates) was dissected 
from each specimen and used to further analyses. The preparation of the vertebrae 
for enhancement, interpretation, and counting of growth rings was performed by 
washing with sodium hypochlorite (NaClO 0.05%) for 2-3min and drying for 30min at 
60oC (140oF) before sectioning. Vertebrae with less than 70mm of diameter were 
mounted in polyester caster resin on numbered silicone moulds. All vertebrae were 
sectioned with a thickness of 0.4 mm using an Allied TechCut precision low-speed 
saw with 0.51 mm thick double diamond metal bond blades. Sections were polished 
using wet sandpaper of successive grits (600, 800, and 1200) to a thickness of 
approximately 0.3 mm and mounted on slides for reading.  
  
Vertebral sections were examined for each set of wider opaque (calcified) and 
narrower translucent (less calcified) bands after the birth mark (Age 0) was considered 
to be an individual growth band and represented the mark preceding one year of 
growth (Figure 4.2) (Cailliet et al. 2006). The first band near the vertebrae centra was 
defined as a birth mark (from age zero) coinciding with a change in the angle of the 
centrum face. This represents growth differences between intra-uterine and post-natal 
hatching/birth in skates (Abdel-Aziz 1992, Francis et al. 2001, Sulikowski et al. 2003). 
Vertebrae sections were examined under a dissecting microscope with 2.0 to 3.2x 
magnification using transmitted light. Age counts were assigned to vertebral sections 
by marking individual band pairs along the corpus calcareum line on the digitalized 
images from birth mark to outer edge. The radius of each vertebra was measured on 
the corpus calcareum along a straight line to the margin to establish the vertebral 
radius (VR). The total length (cm) of both species was plotted against the vertebral 
radius (mm) and tested for a linear relationship. 
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Figure 4.2 – Photos of vertebrae sections of Eastern Fiddler Ray Trygonorrhina fasciata (left, sampling 
code AP085 – 632mm TL) and the Sydney Skate Dipturus australis (right, sampling code 053 – 328mm 
DW). White dots indicated by arrows show birth mark (BM), while the remaining highlight the growth 
opaque bands and the bar indicate vertebral radius (VR). 
 
Two independent, non-consecutive ring counts were made by a single reader 
without knowledge of the specimen's ID, total length, previous counts or sex. Final age 
estimates were assigned based on the agreement of two or more age readings. 
Reproducibility of the growth ring count was evaluated by age-bias plots and by the 
simple approach of calculating the percent reading agreement (PA = [No. agreed/No. 
read] x 100) within and between readings for all samples (Cailliet 1990, Goldman 
2005).  
 
Growth curves were fit to size-at-age data using the von Bertalanffy growth 
model (Von Bertalanffy 1938) with total length for Eastern Fiddler Rays and for Sydney 
Skates: 
𝐿𝑡 =  𝐿∞(1 − 𝑒
−𝑘(𝑡−𝑡0)) 
 
where: Lt is the expected length at age t (in years), L∞ is the asymptotic mean length, 
k is the von Bertalanffy growth parameter, t0 is theoretical age at zero length. In this 
study sample size was relatively small and therefore the growth curve of each species 
was calculated for both sexes combined. 
 
Marginal increment analysis (MIA) was used to determine the time of band 
formation (Musick and Bonfil 2005). The technique allows one to validate the annual 
nature of bands by assessing the expectation that the distance from the last band to 
 86 
 
the edge steadily increases through the year, being lowest right after band formation 
and highest at the end of the cycle, immediately prior to formation of the next band. 
Consistency in the periodicity of this discontinuity (large to suddenly small distance) 
supports the existence of consistent band formation at that interval.  However, since 
there was a gap in sample availability during the late austral summer and autumn 
months (Jan – May), annual growth band formation could not be rigorously validated 
(see results). Therefore, age estimates presented in this study are based upon counts 
of growth bands which are assumed to be annual. This is not an unreasonable 
assumption given the existence of annual growth bands in other fish species in similar 
latitudes. 
 
Reproductive capacity 
 
Maturity stage of individuals was determined for females by macroscopic 
examination of the gonads following a modified version of previous studies (Stehmann 
1987, Stehmann 2002). Stages were defined as: I – Immature: ovaries contain small 
(≤5mm), with no vitellogenesis apparent; II – Maturing: when ovaries present eggs of 
medium size (10mm≥ and ≤5mm) and vitellogenesis producing yellow coloration; III – 
Mature: large ovarian eggs (≥ 10mm) with vitellogenesis producing orange colour; IV 
– Pregnant: Mature with presence of embryos; and V – Post-Partum: presence of birth 
marks, large and flaccid uterus. Maturity stages for males on a macroscopic level is 
frequently made by flexibility/calcification of claspers, where stages of immature, 
maturing and mature can usually be described by a scale where less flexible means 
more mature. However, because this approach is relative and conditioned by a 
number of external factors, maturity of males was only related to the Gonadosomatic 
Index (GSI), which was also calculated for females. Seasonal differences in average 
values of the Gonadosomatic Index between genders and species were tested using 
analysis of variance (ANOVA). 
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RESULTS 
 
 In all, 171 specimens of Eastern Fiddler Rays (100 ♀ and 71 ♂) and 81 Sydney 
Skates (47 ♀ and 34 ♂) were sampled. During the late austral summer and autumn 
months (Jan – May), sampling frequency was lower than anticipated, reflecting 
perhaps low catches of the species by the boats sampled for the observers program. 
This prevented more conclusive results from reproductive data as well age validation 
through Marginal Increment Analysis (MIA). Nonetheless, some patterns were 
observed and are described in more detail below. 
 
Length and Length-Weight Relationships 
 
Sampled Fiddler Rays ranged between 37.9 and 109.2cm Lt with an average 
(±SD) of 72.53 (±15.5) cm and between 220 and 8900g total weight while Sydney 
Skates ranged between 22.4 and 38.7cm Lt with an average (±SD) of 32.5 (± 2.89) cm 
and 160 and 1064g total weight. The relationship between Lt and DW were with 
parameters estimated by geometric mean regression were linear for both species. In 
Fiddler Rays the relationship was Lt = 0.44469DW + 0.13879 (r2 = 0.9184, p < 0.0001, 
n = 171, Figure 4.3a) and in Sydney Skates it was Lt = 0.68255DW + 14424 (r2 = 
0.89351, p < 0.0001, n = 81, Figure 4.3b). 
 
 
Figure 4.3 – Linear relationship between Total Length (Lt) and Disc Width (DW) for Eastern Fiddler 
Ray Trygonorrhina fasciata (a) and the Sydney Skate Dipturus australis (b). Black dots (males) and 
white dots (females). 
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There was no obvious difference in the nature of the length-weight relationships 
(using either DW or LT) of males vs females for either species though females tended 
to be bigger and heavier than males for both species, though this was more 
pronounced in the Eastern Fiddler Ray (Figure 4.4). Sampled males of the species 
had an average (± SD) total length of 67.55cm (±12.44cm) and 1626.6g (±891.3g) of 
average total weight while among females the average length was 76.06cm 
(±16.44cm) and average total weight was 3092g (±2118.6g). Female specimens of the 
Sydney Skate (D. australis) had an average DW of 32.60cm (±3.34cm) and 647.17g 
(±186.27g) of total weight, while males had an average DW of 32.23cm (±2.5cm) of 
and 635.67g (±179.92g) of total weight. 
 
 
Figure 4.4 – Length-Weight relationship for males (black dots) and females (white dots) using Total 
Length for Eastern Fiddler Ray Trygonorrhina fasciata (a) and using Disc Width for the Sydney Skate 
Dipturus australis (b). 
 
 
Age and Growth 
 
 Vertebrae of 141 individuals of Eastern Fiddler Ray and 72 of Sydney Skates 
were sectioned and read. Mean vertebral growth-band readability of individuals of 
Eastern Fiddler Rays was higher (3.8 ± 0.03) than Sydney Skates (2.2 ± 0.08). 
Sections considered unreadable accounted for 9.3% of the slides of Eastern Fiddler 
Rays (n = 16) and 10% of Sydney Skates (n = 8) and hence excluded from any further 
analysis. Repeated age estimates agreed closely and there was no systematic bias 
between readings for either species (Figure 4.5). The percentage of reading 
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agreement (PA) for Eastern Fiddler Ray was 95.74% and for Sydney Skate was of 
94.44%. There were significant linear relationships between the radius of pre-caudal 
vertebrae and total length of Eastern Fiddler Ray and Sydney Skates, indicating that 
these vertebrae were suitable structures for age determination (Table 4.1, Figure 4.6).  
 
 
Figure 4.5 – Age-bias plots for Eastern Fiddler Ray Trygonorrhina fasciata (a) and for the Sydney Skate 
Dipturus australis (b). Decimal ages were deduced to the nearest value. 
  
 
Figure 4.6 – Relationship between vertebral radius (mm) and total length (cm) with 95% confidence of 
the Eastern Fiddler Ray Trygonorrhina fasciata (a) and for the Sydney Skate Dipturus australis (b). 
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Table 4.1 – Linear relationship parameters between vertebral radius and species total length. Values 
of parameters for the equation TL = a+b*VR. Where: VR = vertebral radius; TL = animal total length; a 
= slope b = intercept; n = sample size; r2 = square of regression correlation coefficient; and p is the 
probability of statistical significance. 
Common name Species a (± s.e.) b (± s.e.) n r2 p 
Eastern Fiddler Ray T. fasciata 30.79 (0.73)  15.74 (0.30) 141 0.96 < 0.0001 
Sydney Skate D. australis 10.13 (0.91) 24.07 (2.65) 72 0.67 < 0.0001 
  
 
The oldest estimated age for a male of Eastern Fiddler Ray in this study was 
10 years (Lt = 76.6cm) whereas the largest male (Lt = 88.2cm) was estimated to be 7 
years old. The estimated age of the oldest female of Eastern Fiddler Ray was 15 years 
(Lt = 109.5cm) which was also the largest female. Among samples of Sydney Skates 
the oldest male was estimated to be 7 years old (TL = 48.7cm) while the largest male 
(TL = 50.8cm) was estimated to be 6 years old whereas the oldest female was also 
the largest with age estimated to be 7 years (TL = 51.9cm). The growth curve for the 
Eastern Fiddler Ray was described by the VBGM as L∞ = 109.61, t0 = 0.26 and K = 
0.20 whereas the Sydney Skate was L∞ = 51.95, t0 = –0.99 and K = 0.34 (Figure 4.7, 
Table 4.2). 
 
Table 4.2 – Summary of fitted parameter values and results for Eastern Fiddler Ray Trygonorrhina 
fasciata (Muller & Henle, 1841) and the Sydney Skate Dipturus australis (Macleay, 1884). In commas 
are the upper and lower bounds of the 95% confidence intervals for each of the parameters. 
Species Asymptotic length (L∞) Growth curvature K t0 n 
T. fasciata 
109.61 0.20 0.26 141 
(108.9, 115.1) (0.12, 0.23)    
     
D. australis 
51.95 0.34 –0.99 72 
(51.90, 53.45) (0.06, 0.44)   
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Figure 4.7 – Von Bertalanffy growth curve for Eastern Fiddler Ray Trygonorrhina fasciata (left) and for 
the Sydney Skate Dipturus australis (right). Middle line is best fit while outer ones represent the upper 
and lower 95% confidence interval Von Bertalanffy growth model. 
 
 The vertebral marginal increments for Eastern Fiddler Rays were highest in 
July, corresponding to mid austral winter (Figure 4.8a) and lowest in October, which 
corresponds to mid austral spring. In the discontinuous data obtained for samples of 
Sydney Skates, the lowest marginal increment distances were present in July, 
decreasing from values obtained in June (Figure 4.8b). The highest overall values for 
Sydney Skates were obtained in December (mid austral summer).  
 
 
Figure 4.8 – Monthly averages (±se) of marginal increments from sections of vertebral centra of the 
Eastern Fiddler Ray Trygonorrhina fasciata (a) and the Sydney Skate Dipturus australis (b). The values 
above the error bars (±2SE) indicate the number of sampled individuals. 
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Body condition and reproductive data 
 
 There were a limited number of samples available from January to May 2016 
(late austral summer and autumn) for both species (n = 5, 3 Fiddler Rays, 2 Sydney 
Skates). This was also the case for samples of Sydney Skates in late winter and early 
spring, specifically between August and October, where only six individuals were 
sampled (2 ♀ and 4 ♂). These low numbers prevented a comprehensive evaluation of 
reproductive capacity throughout the year. 
 
 Results of the two-way analysis of variance comparing the seasonal average 
values of the Hepatosomatic Index (HSI) of Eastern Fiddler Ray indicated that seasons 
have a statistically significant effect (p < 0.05) (Table 4.3). Results of post hoc Tukey’s 
pairwise comparisons indicated statistically significant differences between austral 
winter (June – August) and spring (September – November). This trend was 
apparently mostly influenced by average HSI of females (Figure 4.9b, 4.9c). Although 
there was a significant effect on the Gonadosomatic Index between genders, no 
significant differences were detected in the seasonal average GSI of Fiddler Rays or 
in the sex and season interaction (Table 4.3). Nonetheless the observed trend 
indicated highest ratios of GSI in the austral winter, decreasing towards summer 
(Figure 4.9d, 4.9e, 4.9f). 
 
Table 4.3 – Summary of results of the Two-Way Analysis of Variance for the Hepatosomatic Index (HSI) 
and the Gonadosomatic Index (GSI) of sampled specimens of the Eastern Fiddler Ray Trygonorrhina 
fasciata. 
Index  Sum of sqrs d.f. Mean square F p (same) 
       
HSI 
Sex 3.330 1 3.330 1.116 0.292 
Season 21.288 2 10.644 3.567 0.030 
Sex*Season 5.270 2 2.635 0.883 0.415 
Within 417.798 140 2.984   
Total 446.918 145    
        
GSI 
Sex 0.911 1 0.911 6.27 0.013 
Season 0.462 2 0.231 1.59 0.207 
Sex*Season 0.051 2 0.025 0.176 0.838 
Within 20.358 140 0.145   
Total 21.789 145    
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Figure 4.9 – Hepatosomatic index (a, b, c) and Gonadosomatic index (d, e, f) with standard error (±2 
SE) for sampled Eastern Fiddler Ray Trygonorrhina fasciata. Results of HSI considering both sexes (a), 
females only (b) and males only (c) and GSI considering both sexes (d), females only (e) and males 
only (f). 
 
Analysis of variance of the average Hepatosomatic Index (HSI) and 
Gonadosomatic Index (GSI) of sampled Sydney Skates indicated statistically 
significant effect of gender but not of seasons or in the interaction between these 
factors (Table 4.4). Nonetheless, there is a trend of increasing average values towards 
austral summer months (December – February), more clearly observed among male 
individuals (Figure 4.10b). Overall values of the GSI were highest in spring (Figure 
4.10d, 4.10e, 4.10f). 
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Table 4.4 – Summary of results of the Two-Way Analysis of Variance for the Hepatosomatic Index (HSI) 
and the Gonadosomatic Index (GSI) of sampled specimens of the Sydney Skate Dipturus australis. 
Index  Sum of sqrs d.f. Mean square F p (same) 
       
HSI 
Sex 9.174 1 9.174 8.209 0.005 
Season 4.684 2 2.342 2.096 0.13 
Sex*Season 0.67 2 0.335 0.3 0.741 
Within 82.703 74 1.117   
Total 95.851 79    
        
GSI 
Sex 61.617 1 61.617 35.54 < 0.001 
Season 6.32 2 3.16 1.823 0.168 
Sex*Season 4.953 2 2.476 1.429 0.246 
Within 128.292 74 1.733   
Total 200.358 79    
       
 
 
Figure 4.10 – Hepatosomatic index (a, b, c) and Gonadosomatic index (d, e, f) with standard error (±2 
SE) for samples of Sydney Skate Dipturus australis. Results of HSI considering both sexes (a), females 
only (b) and males only (c) and GSI considering both sexes (d), females only (e) and males only (f). 
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Highest ratios of maturing and more importantly, of pregnant females for 
Eastern Fiddler Ray were found in late austral spring and early summer, indicating 
that the austral summer might be the period likely to be related to the reproduction 
(Table 4.3, Figure 4.11a). Furthermore, some samples of Eastern Fiddler Ray were 
also pregnant in late September, indicating that reproduction for the species may start 
just after the late austral winter or in the early austral spring. Despite the absence of 
female samples of Sydney Skates in late winter and early spring, pregnant females 
were found in the late spring and early summer, and therefore suggesting similar 
periods of reproduction to the Eastern Fiddler Ray (Table 4.3, Figure 4.11b).  
 
Figure 4.11 – Ratio of females in each reproduction stage per month and season in the available 
samples of the Eastern Fiddler Ray Trygonorrhina fasciata (a) the Sydney Skate Dipturus australis (b).  
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Table 4.3 – Ratio of females in each reproduction stage per month in the samples of the Eastern Fiddler 
Ray Trygonorrhina fasciata and the Sydney Skate Dipturus australis. Higher ratios in each month is 
highlighted in red tones (higher ratio = darker red, lower ratio= lighter red), blank sections indicate 
absence of female samples. 
Species Stage June July Aug Sept Oct Nov Dec 
         
Eastern Fiddler 
Ray 
I - Immature 0.13 1.00 0.50 0.11 0.25 0.20 0.36 
II - Maturing 0.38 0.00 0.50 0.33 0.33 0.28 0.18 
III - Mature 0.00 0.00 0.00 0.17 0.17 0.13 0.00 
IV - Pregnant 0.50 0.00 0.00 0.33 0.08 0.30 0.45 
V - Post-partum 0.00 0.00 0.00 0.06 0.17 0.10 0.00 
         
Sydney Skate 
I - Immature 0.20     0.07 0.00 
II - Maturing 0.00     0.00 0.00 
III - Mature 0.00     0.00 0.00 
IV - Pregnant 0.60     0.93 1.00 
V - Post-partum 0.20     0.00 0.00 
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DISCUSSION 
 
This study presents the interim estimations of age, growth and reproductive 
biology of two endemic demersal bycatch elasmobranchs of the Australian East Coast: 
The Eastern Fiddler Ray Trygonorrhina fasciata and the Sydney Skate Dipturus 
australis. The distribution patterns of these species and of fishing operations suggest 
a high probability of bycatch in demersal trawl and gillnet fishing, which combined 
compose the majority (94.75%) of the commercial fishing operations in the SESSF 
sector (AFMA 2015). 
 
Despite similar distributions and generalized descriptive classification as 
batoids, direct morphometric and ontogenetic comparisons between the Eastern 
Fiddler Ray and the Sydney Skate are not plausible due to distinct features of both 
species. Nonetheless, the estimated growth rate of the Fiddler Ray presents lower 
growth curvature value than the Sydney Skate. Furthermore, the Von Bertalanffy 
growth curve of Eastern Fiddler Ray suggested that bigger and therefore older 
individuals may not have been caught by the sampling. Perhaps these larger 
specimens inhabit deeper waters not exploited by the fishery. Similarly, due the 
relatively small sizes of Sydney Skates, potentially smaller individuals were not caught 
due to fishing range or mesh size.   
 
Due the lack of smaller/younger individuals has led the calculated growth curve 
of Sydney Skates to be relatively fast for this species, even considering its relative 
small size. Almost all elasmobranch species have lower growth rates, with curvature 
parameters (Von Bertalanffy k) ranging normally from 0.05 to 0.25 (Abdel-Aziz 1992, 
Francis et al. 2001, Sulikowski et al. 2003, Compagno 2005, Goldman 2005, White et 
al. 2014) as compared to the k = 0.34 estimated for Sydney Skates in this study. The 
readability of the vertebrae of Sydney Skates was lower than that of the Fiddler Rays, 
mostly due to their very small size (usually < 0.4cm) and the complex process of 
locating the birth mark. Although a significant linear relationship was found between 
the vertebral radius and total length, I would recommend further analysis of this 
particular species growth with polishing techniques usually applied to more fragile 
growth-marked structures such as otoliths and spines. 
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It should be noted that these age estimates are partial in that this study has not 
explicitly validated the annual nature of the rings. This was partly due to the lack of 
enough samples from all months of the year, especially for Sydney Skates.  However, 
there was also considerable variation in the marginal increment data. There was a 
relatively pronounced drop in the distance around October for Fiddler Ray suggesting 
this as the time of band formation. There are insufficient data to determine the same 
for Sydney Skate. However, from this low value, I did not see the expected steadily 
increasing increment width. It is possible this is due to measurement error caused by 
the lack of a defined border between the dark and light portions of the banding pattern 
or the coverage of the data was insufficient to establish a clear pattern. Despite this 
issue, vertebral ring counts were determined to be appropriate ageing technique 
based on the positive linear relationship between vertebrae radius and Total Length. 
Thus while annual vertebral growth bands are quite common in other similar species 
(Timmons and Bray 1998, Lessa et al. 2004, Izzo and Gillanders 2008, Yıgın and 
Ismen 2010), results presented in this study are to be considered partial and annual 
periodicity in age classes of both species still requires validation. 
 
Gonadosomatic Index results presented in this study (Figure 9 and 10) suggest 
Eastern Fiddler Rays are reproducing in late austral winter/early spring whilst Sydney 
Skates might be reproducing in late austral spring and summer. This conclusion is 
supported by HSI results since both species had overall smaller averages during 
austral winter months and presented increasing values towards summer. Similar to 
related species at the same latitudes, HSI's of females may not show significant 
differences during ovarian folicule growth because lipids and proteins may be stored 
and processed continuously throughout seasons without significant changes in 
biomass (Maruska et al. 1996). Gonadal stage results for Eastern Fiddler Rays (Figure 
11a, Table 5) support the conclusions based on GSI and HIS, indicating a larger 
frequency of pregnant females after austral winter and the presence of post-partum 
females in mid-spring. Results of gonadal stage analysis for Sydney Skates are rather 
inconclusive due to the availability of female samples being restricted to June, 
November and December. However, the high frequency of pregnant females in late 
austral spring and early summer, similar to the GSI results, suggests late austral spring 
and summer as the reproductive periods. 
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One of the biggest concerns to managers when assessing stocks of 
Elasmobranch bycatch is the uncertainty caused by the rarely differentiated species 
in landings information (Kennelly 1995, Hall et al. 2000, Sulikowski et al. 2003, Walker 
and Stuart Gason 2007, AFMA 2015). Moreover, the increasing management of major 
commercial species in recent years apparently has resulted in fishermen marketing 
alternate species, including skates and rays. In 2002, at one of the largest fish markets 
of east Australia, 43 metric tons of "flaps" were sold, which is estimated to represent 
circa 134 metric tons live weight of rays and skates. As previously mentioned, there is 
also the problem of demersal batoids being sold under several categories and 
common names, making it difficult to determine the exact species (Stevens and Valenti 
2009). 
 
 This study provides basic information about growth and reproduction of two 
endemic Australian species: The Eastern Fiddler Ray Trygonorrhina fasciata and the 
Sydney Skate Dipturus australis that like many other species of Elasmobranchs, 
require species-directed management actions, especially considering the high 
susceptibility of these and many other demersal species to fishing bycatch and 
potential consequences such as overexploitation. The latter is a particularly serious 
problem to Elasmobranchs because, compared to other marine fishes, the group have 
relatively low productivity and therefore differ from other fish in their ability to withstand 
and recover from exploitation (Hoenig and Gruber 1990, Smith et al. 1999, Stevens et 
al. 2000). Based on the results presented in this study, it would be reasonable to say 
that the species assessed here have different potentials to withstand bycatch. 
Nonetheless, many other factors such as population mortality, spatial interactions with 
fisheries and several other parameters need to be taken in account when evaluating 
stock status. 
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Chapter 5 – Diet and feeding habits of two endemic demersal 
bycatch chondrichthyans: Trygonorrhina fasciata and Dipturus 
australis from Eastern Australia 
 
 
KEYWORDS 
Rhinobatidae, Rajidae, Batoids, East Australia, Feeding Habits 
 
ABSTRACT 
 
Demersal elasmobranchs such as rays and skates present a widespread distribution 
and constitute a diverse and still poorly understood group that exercise an important 
role as mesopredators in marine communities. Moreover, although not frequently 
targeted, species in the group are taken frequently as bycatch of trawl fisheries. Since 
the early 2000s, ecosystem-based fisheries management created a need for 
information on species interactions and food chains. Part of the required data is 
information about species interactions and position in the food chain. In this study I 
describe the diet of two endemic and common bycatch species on the east coast of 
Australia: The Eastern Fiddler Ray Trygonorrhina fasciata (Muller & Henle, 1841) and 
the Sydney Skate Dipturus australis (Macleay, 1884). Using stomach content analysis, 
I describe the diet composition, food preferences and estimated trophic levels of these 
endemic batoids. Results indicated crustaceans as the major component in the diet of 
both species, and teleost fish, cephalopods and ascaridoid nematodes were also 
significant. Moreover, results did not indicate gender related distinction in the diet of 
either species. The estimated trophic level (TL) of the Eastern Fiddler Ray was TL = 
3.67 and the Sydney Skate was TL = 3.6. These results are within the range of TL 
estimations for related species and support the status of the species as mesopredators 
on the east Australian coast.    
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INTRODUCTION 
 
Elasmobranchs exercise an important role as marine predators, influencing 
lower trophic level populations of fishes and invertebrates (Cortés 1999, Ebert and 
Bizzarro 2007). Though their role in maintaining the balance and health of marine 
systems is frequently highlighted, there is still much to be understood about 
elasmobranch demography and ecology (Myers et al. 2007). Rays constitute a 
frequently overlooked, abundant and species-rich group with a very influential, 
although still relatively poorly understood role, especially in demersal marine 
communities (Ebert and Bizzarro 2007). Although some ray species are considered 
top predators (Ebert et al. 1991, Orlov 2003) it is more likely that most species would 
best be described as mid-trophic level predators (Myers et al. 2007, Ritchie and 
Johnson 2009, Ajemian et al. 2012). 
 
Demersal meso-predators such as rays, skates and flat sharks are also among 
the species which are highly susceptible to incidental catch due to substantial overlap 
between species distribution and common fishing areas on the continental shelf 
(Kaschner et al. 2013). These species are frequently reported in generic categories 
on landings records, therefore species-specific assessments to determinate their 
status are not possible. In Australia, the Eastern Fiddler Ray Trygonorrhina fasciata 
(Muller & Henle, 1841) and the Sydney Skate Dipturus australis (Macleay, 1884) are 
species highly affected by the aforementioned issues. 
 
The Eastern Fiddler Ray is described as a relatively common endemic inshore 
batoid throughout its range (Last et al. 2009). The species is known to be common 
near the coast occurring from the intertidal to depths of 180m and inhabiting shallow 
soft substrate habitats and seagrass meadows (Michael 1993, Last et al. 2009). 
Currently there is no definitive population assessment due to taxonomic confusions 
and misidentifications (most frequently with Eastern Shovelnose Ray, Aptychotrema 
rotrata), the occurrence of merged records between Rhinobatidae and Rhyncobatidae 
species, and catch levels being too low to determine CPUE (Walker and Stuart Gason 
2007). 
 
 105 
 
The Sydney Skate occurs on the continental shelf of eastern Australia between 
Moreton Bay, Queensland (27oS) and Jervis Bay, New South Wales (35oS), at depths 
of 22-325m. The species was once reported as one of the most common skates on 
the continental shelf off eastern Australia; however, early studies show evidence of 
significant declines in its natural distribution range. Independent surveys off southern 
New South Wales have shown that combined catch rates for "skates" have declined 
more than 80% over 20 years (Graham et al. 2001). 
 
Since the early 2000’s there has been an increased interest in ecosystem-
based fisheries management in response to the recognition that fishing impacts go 
further than simple and direct effects on target species (Pikitch et al. 2004, Garcia and 
Cochrane 2005, Scandol et al. 2005). This approach considers that management must 
include species interactions, environmental processes and even human influence 
(Bundy et al. 2011). Unfortunately this type of assessment requires understanding of 
complex ecological interactions in marine ecosystems to develop impact prediction 
models (Essington 2003, Griffiths et al. 2009). In order to build these models it is 
necessary to identify aspects of diet composition of the species (Marasco et al. 2007). 
The information on feeding habits contribute to a better understanding of trophic 
dynamics and food webs, which is of great importance if fisheries authorities are 
considering ecosystem approaches to conservation and management. 
 
The Eastern Fiddler Ray and the Sydney Skate have relatively similar biological 
and ecological traits. (Last et al. 2009, Stevens and Valenti 2009, Huveneers 2015) 
The species are frequently caught within the same geographic areas and with the 
same fishing methods. Considering these similarities, it is reasonable to assume that 
differences should be expected in their diet composition and food preferences as a 
strategy to reduce competition between these overlapping species. In this study I 
describe the diet of Eastern Fiddler Ray and Sydney Skate caught by fishing 
operations along the coast of New South Wales, Australia through analysis of stomach 
content and related food preferences according to prey types. Moreover, I estimated 
trophic level of both species based on the food items. 
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METHODS 
 
Sample source 
 
Samples were obtained by the New South Wales Department of Primary 
Industries, New South Wales – Fishery Observers program. Individuals were collected 
from commercial trawlers operating on the New South Wales Coast (Figure 5.1) from 
July to December 2016. Catch was landed in Sydney (33o50’S 151o12’E), Newcastle 
(32o55’S 151o46’E) and Nelson Bay (32o42’S 152o11’E). After collection, individuals 
were stored frozen at the Sydney Institute of Marine Science where samples were 
processed. In all, 168 individuals (115 of Eastern Fiddler Ray and 53 of Sydney 
Skates) were used for stomach content analysis. All the stomachs were weighed while 
full and food items were identified to the lowest possible taxon and weighed 
separately. 
 
 Diet characterization 
 
The completeness of the diet information provided by this study depends on the 
adequateness of the samples sizes used to capture the full spectrum of food items. In 
order to assess this, I adopted techniques used to evaluate the adequacy of 
biodiversity sampling, species accumulation/rarefaction curves. The cumulative 
numbers of stomach samples were plotted against the cumulative number of identified 
prey groups to determine the number of stomachs required for saturation of food items 
which will thus generate an adequate description of the diet (Cortés 1999). 
 
The abundance of different diet items was quantified using three metrics.   Each 
food item was expressed as a percentage of the total number of items within each 
stomach (%N). The overall frequency of occurrence of each diet items was expressed 
as the proportion of stomachs containing each food item (%FO). These values indicate 
the number of prey types and the frequency of which a certain prey is selected. 
However, the drawback of these two quantitative methods resides in the lack of 
information about the amount of that specific prey caught by the predator. To address 
 107 
 
this I also calculated the relative abundance of each food item in a given stomach by 
weight (%W). 
 
 
Figure 5.1 – Map of Australia (a), New South Wales (b) and the upper central New South Wales coast 
(c) showing general landing locations of the sampled individuals of Eastern Fiddler Ray (Trygonorrhina 
fasciata) and the Sydney Skate (Dipturus australis). 
 
These three metrics of food item inclusion in the diets were then used to 
calculate the Index of Relative Importance (𝐼𝑅𝐼 = (%𝑁 + %𝑊)%𝐹𝑜) (Pinkas 1971) for 
each prey item eaten by each species. IRI can be used to measure the importance of 
a prey group within the overall spectrum of diet items found. Despite being well 
established and frequently used, IRI is sometimes criticized for over-emphasizing 
frequency of occurrence of food items (%FO) (Ponte et al. 2016). I have therefore also 
calculated the Main Food Index (𝑀𝐹𝐼 =  [√(%𝑁 + %𝐹𝑜)/2]%𝑊)  (Zander 1982). This 
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method assigns higher importance to food percentage weight (%W) and therefore is 
considered more qualitatively sensitive to mass rather than abundance of food items. 
 
Trophic level and food preference 
 
Trophic levels (TL) were estimated for Eastern Fiddler Rays and Sydney Skates 
using the following: 𝑇𝐿𝑘 = 1 + (∑ 𝑝𝑗
𝑛
𝑗=1 𝑇𝐿𝑗), where TLk is the trophic level of the 
species k, pj is proportion of food item j in the diet of species k, n is total number of 
food items for species k and TLj is the trophic level of each food item j (Cortés 1999). 
The trophic level of food items was based upon works of Ebert and Bizzarro (2007) 
and Jacobsen and Bennett (2013). The preference for food items was characterize 
using the feeding coefficient (Q) through the equation: 𝑄 = %𝑊%𝑁(Costa et al. 2015). 
The method ranks food item preference in one of three levels: (1) preferred item when 
Q ≥ 200, (2) secondary item when 20 < Q < 200 and (3) occasional item when Q ≤ 20.  
 
Interspecific and sex-related differences 
 
The diet and general prey preferences of a species may vary due to nutritional 
needs, prey availability and gender (Morato et al. 2003, Saglam et al. 2010, Lipej et 
al. 2012). To discriminate interspecific differences and sex-related associations, 
multivariate analysis using non-metric multidimensional scaling (nMDS) ordination 
based on Euclidean distances was used to visually depict differences in diets between 
genders and species. Permutational multivariate analysis of variance – PERMANOVA 
(Anderson 2001) was applied to the matrix of diet items in each sample to test the null 
hypothesis of no gender-related or interspecific differences in diets using Euclidean 
distance as the similarity measure. 
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RESULTS 
 
 A total of seven prey types were identified from the stomachs of Eastern Fiddler 
Rays and Sydney Skates. The rarefication curves indicated the sampling here was 
generally adequate though this varied between the two species (Figure 5.2). The 
sample size of 155 for Eastern Fiddler Ray is well beyond the roughly 40-50 required 
for curve saturation at 95%. However, for Sydney Skates, the curve was still increasing 
slowly at the sample size of this study (55). This would predict we might see addition 
(1-3) taxa with more sampling. 
 
 
Figure 5.2 – Diet item accumulation curves for samples from (a) Eastern Fiddler Ray (Trygonorrhina 
fasciata) and (b) Sydney Skate (Dipturus australis). 
 
Common items in the diet of both species were crustaceans, especially prawns 
(Penaeidae) and swimmer crabs (Portunidae), the later with higher frequency in 
Sydney Skates stomachs. Secondary or less frequent food items included burrowing 
shrimps/mud crabs (Thalassinidea) and bony fishes (Teleostei), while nematods, 
cephalopod molluscs and mantis shrimps (Stomatopoda) occurred in low frequencies 
suggesting that these are only consumed occasionally (Figure 5.3). 
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Figure 5.3 – Frequency of occurrence (%F) (a), Index of Relative Importance (b) and Main Food Index (c) of food items in the diets of sampled Eastern Fiddler 
Rays (black) and Sydney Skates (grey). 
 111 
 
Only two of the 115 Eastern Fiddler Ray stomachs were empty. The diet of 
sampled specimens of the species was mainly composed of Decapods such as 
prawns (Penaeidae) and swimmer crabs (Portunidae), which together comprised 
nearly 80% of the identified food items. The stomach content also consisted of teleost 
fish, other crustaceans such as mantis shrimps (Stomatopoda), burrowing 
shrimps/mud crabs (Thalassinidea), and roundworms (Nematoda). Based on the 
calculated proportional abundance and trophic level of food items, the estimated 
trophic level for the species in this study is 3.67. Feeding coefficient calculations 
pointed to three preferred prey items for Eastern Fiddler Rays with prawns, and 
swimming crabs ranking higher than teleosts. Mud crabs were ranked as secondary 
items with all others coming in as occasional items (Table 5.1). 
 
Table 5.1 – Diet composition of Eastern Fiddler Ray (Trygonorrhina fasciata) from samples collected 
from the coast of New South Wales, Australia. Number of stomachs where a prey item was identified 
(NS), total weight of the prey item in the sampled specimens, frequency of occurrence (%Fo), weight 
percentage (%W), numerical percentage (%N), results for Index of Relative Importance (IRI, %IRI), 
Main Food Index (MFI) and feed coefficient (Q). 
    
Prey Item NS Wt (g) %FO %W %N IRI %IRI MFI Q 
Penaeidae 47 248.65 40.87 30.72 32.19 2571.03 46.45 132.15 preferred 
Portunidae 35 290.06 30.43 35.83 23.97 1820.14 32.89 15.37 preferred 
Teleostei 23 158.03 20.00 19.52 15.75 705.51 12.75 131.28 preferred 
Thalassinidea 13 55.35 11.30 6.84 8.90 177.95 3.22 58.36 2nd prey 
Nematoda 17 7.35 14.78 0.91 11.64 185.55 3.35 2.33 occasional 
Cephalopoda 8 28.00 6.96 3.46 5.48 62.18 1.12 6.10 occasional 
Stomatopoda 3 22.06 2.61 2.73 2.05 12.47 0.23 2.94 occasional 
 
Only four of the 53 sampled stomachs of Sydney Skates were empty and there 
was a remarkable presence of crustaceans which constituted over 95% of cumulative 
Relative Importance, mainly due to swimming crabs (Portunidae, %IRI > 70%). 
Trophic level and frequency of the food items indicated a trophic level of 3.6 for the 
specimens sampled in this study. Based on calculated feed coefficient (Q), the species 
had a higher preference for swimming crabs, followed respectively by prawns and mud 
crabs. Teleost fishes were typically secondary prey and cephalopods, mantis shrimps 
(Stomatopoda) and nematodes were occasional prey (Table 5.2). 
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Table 5.2 – Diet composition of Sydney Skates (Dipturus australis) from samples collected in the coast 
of New South Wales, Australia. Number of stomachs where a prey item was identified (NS), total weight 
of the prey item in the sampled specimens, frequency of occurrence (%Fo), weight percentage (%W), 
numerical percentage (%N), results for Index of Relative Importance (IRI, %IRI), Main Food Index (MFI) 
and feed coefficient (Q). 
 
Prey Item NS Wt (g) %FO %W %N IRI %IRI MFI Q 
Portunidae 21 102.53 39.62 44.34 45.65 3565.70 73.16 204.72 preferred 
Penaeidae 8 57.30 15.09 24.78 17.39 636.54 13.06 70.62 preferred 
Thalassinidea 7 48.11 13.21 20.81 15.22 475.77 9.76 55.46 preferred 
Teleostei 5 8.30 9.43 3.59 10.87 136.40 2.80 8.09 2nd prey 
Cephalopod 1 10.34 1.89 4.47 2.17 12.54 0.26 4.51 occasional 
Stomatopoda 1 3.59 1.89 1.55 2.17 7.03 0.14 1.56 occasional 
Nematoda 3 1.07 5.66 0.46 6.52 39.53 0.81 0.81 occasional 
  
Interspecific and sex-related differences 
 
 PERMANOVA analysis of the diet data indicated there was a statistically 
significant interaction between species and genders (Pseudo-F= 2.036, p[perm]<0.05) 
though from the nMDS plots its clear this pattern is not strong as there is a relatively 
high degree of overlap in the diets of males and females from both Eastern Fiddler 
Ray and Sydney Skates (Figure 5.4). Indeed, post-hoc pairwise comparisons failed to 
detect any statistically significant differences between genders within each of the 
species or between species within each gender (Table 5.3). 
 
Table 5.3 – Summary of pairwise comparisons of p-values results for the analysis of differences in diet 
composition of Eastern Fiddler Rays and Sydney Skates across genders. Statistically significant 
differences are highlighted in bold. 
One way  Eastern Fiddler Ray Sydney Skate 
PERMANOVA Females Males Females Males 
Eastern Fiddler Ray 
Females  0.103 0.206 0.012 
Males 0.103  0.292 0.092 
Sydney Skate  
Females 0.206 0.292  0.087 
Males 0.012 0.092 0.087  
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Figure 5.4 – Non-metric multidimensional scaling (nMDS) plot of diet items in each sample highlighting 
the gender and species of each sample of Eastern Fiddler Ray (Trygonorrhina fasciata) and Sydney 
Skate (Dipturus australis). 
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DISCUSSION 
 
 This study is an evaluation of the feeding ecology and trophic level of two 
endemic batoids from the Eastern Australian Coast. The two species examined, 
namely the Eastern Fiddler Ray (Trygonorrhina fasciata) and the Sydney Skate 
(Dipturus australis) are common to South-eastern Australia and there is evidence for 
recent declines in their populations (Graham et al. 2001, Last et al. 2009). While these 
species are rarely targeted, they are frequent bycatch, especially in trawling operations 
(Stevens and Valenti 2009, Huveneers 2015). 
 
The results of this study indicated a carcinophagic preference in the diets of 
both Eastern Fiddler Ray and Sydney Skate, with swimmer crabs and prawns as 
frequent components in the stomachs of both species and a considerable amount of 
burrowing shrimps and mud crabs. The diets of the two species may be considered 
relatively similar, however, results pointed to a higher frequency of Penaeidae and 
Teleosts in the diet of Eastern Fiddler Ray (Figure 5.3). Suggesting that the species 
tend to take a higher proportion of more mobile preys, while Sydney Skates apparently 
rely on less mobile and bottom associated such as crabs and mantis shrimps. 
 
The estimated trophic levels for both species were within the range estimated 
for related species along the Australian coast (Table 5.4). Rhinobatidae species 
(relatives of Eastern Fiddler Ray) described in Australia have trophic levels ranging 
from 3.5 to 3.9, comparable to the trophic level of 3.67 calculated for the species in 
this study. Previous to this assessment, Eastern Fiddler Ray had an estimated trophic 
level of 3.6 (± 0.5 se) based on species size and the trophic level of its closest relatives 
(Froese and Pauly 2015). Rajidae species of the genera Dipturus in Australia have an 
overall higher trophic level, ranging from 3.8 to 4.2, than that estimated for the Sydney 
Skate in this study (TL = 3.6). Prior to this study, Sydney Skate had an estimated 
trophic level based on the size and trophic level of close relatives of TL = 4.1 (±0.7 se) 
(Froese and Pauly 2015).  
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Table 5.4 – Comparison between estimated trophic levels and maximum length (cm) of the Eastern 
Fiddler Ray (Trygonorrhina fasciata) and other Rhinobatidae and the Sydney Skate (Dipturus australis) 
and other Rajidae species of Dipturus spp in Australia. 
 
Family 
Common  
Name 
Species 
Trophic  
Level 
Max 
Length 
Source 
      
R
H
IN
O
B
A
T
ID
A
E
 
Eastern Shovelnose ray Aptychotrema rostrata 3.90 120.0 FishBase* 
Spotted Shovelnose ray Aptychotrema timorensis 3.50 58.2 FishBase** 
Western Shovelnose Ray Aptychotrema vincentiana 3.60 79.0 FishBase**  
Granulated Guitarfish Glaucostegus granulatus 3.50 280.0 FishBase*  
Giant Shovelnose Ray Glaucostegus typus 3.60 270.0 FishBase* 
Goldeneye Shovelnose Rhinobatos sainsburyi 3.70 59.5 FishBase** 
Eastern Fiddler Ray Trygonorrhina fasciata 3.67 126.0 This study 
Magpie Fiddler Ray Trygonorrhina melaleuca 3.60 90.0 FishBase** 
      
R
A
J
ID
A
E
 
Pale Tropical Skate Dipturus apricus 3.80 76.5 FishBase** 
Sydney Skate Dipturus australis 3.60 50.0 This study 
Grey Skate Dipturus canutus 3.90 79.5 FishBase** 
White-spotted Skate Dipturus cerva 3.80 60.0 FishBase** 
Longnose Skate Dipturus confusus 4.20 69.5 FishBase** 
Endeavour Skate Dipturus endeavouri 4.00 36.7 FishBase** 
False Argus Skate Dipturus falloargus 4.10 49.1 FishBase** 
Graham’s Skate Dipturus grahami 3.80 64.1 FishBase** 
Greenback Skate Dipturus gudgeri 4.00 140.0 FishBase** 
Heald’s Skate Dipturus healdi 4.20 72.3 FishBase** 
Blacktip Skate Dipturus melanospilus 3.80 77.7 FishBase** 
Ocellate Skate Dipturus oculus 3.80 55.7 FishBase** 
Argus Skate Dipturus polyommata 4.00 36.0 FishBase** 
      
*BoFI: based on food items; **BoST: based on size and trophic level of closest relatives 
 
Preference for food items as characterized by feed coefficient (Q) showed that 
in addition to the preference for crustaceans, which is a common trait in a considerable 
number of skates and rays (Ebert and Bizzarro 2007), Eastern Fiddler Rays also had 
a main preference for teleosts. Although not identifiable to a lower taxonomic level due 
the advanced degree of digestion, it is plausible to assert, based on niche traits of both 
species, that this prey item is likely to be composed, to some degree, of flatfishes 
(Pleuronectiformes) and other demersal species associated with sand and mud 
bottoms up to 200m deep. Based on this same reasoning, the occasional cephalopods 
present in stomachs of both species are probably small and bottom associated 
individuals or juveniles of some more active and pelagic species. 
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In this study, as a precautionary measure, it was decided not to eliminate the 
possibility that nematodes found in stomachs of both species are prey items rather 
than consider them only as endoparasites. Therefore, these animals were used in the 
analysis of relative importance, trophic level (TL) and food preference (Q). Although 
ascaridoid nematodes have been described as common parasites in elasmobranchs 
and teleosteans (Hewitt and Hine 1972, Romera 1993, Bruce et al. 1994, Knoff et al. 
2001), nematodes were also related as food items with different degrees of importance 
in the diet of demersal batoid species (Soares et al. 1999, Orlov 2003, Gordon and 
Duncan 2009, Yıgın and Ismen 2010). If the trophic level is recalculated ignoring 
nematodes as food items (and therefore considering the taxa only as endoparasites), 
a value of 3.36 is obtained for Fiddler Rays (3.6 with nematodes included) and of 3.43 
(3.6 with nematodes included) for Sydney Skate. This new value places Fiddler Rays 
on a slightly lower trophic level but still inside the previously estimated range for the 
species (3.6 ± 0.5 se) although slightly lower than its closest relatives which range 
between TL = 3.5 to TL = 3.9 (Froese and Pauly 2015). As previously mentioned, the 
estimated TL of Sydney Skates in this study is lower than related species in the region 
and removing nematodes as food items simply increases the contrast between the 
species and other local Dipturus for which trophic levels are estimated to be between 
3.8 and 4.2 (Table 5.4). 
 
Guitarfishes and skates are diverse groups of fishes with trophic standings 
ranging from medium to top level predators with a poorly understood role in the 
dynamic of marine ecosystems. Additionally, underreported catch rates, multispecies 
categories in landing reports and misidentifications exponentially increase risks of 
overfishing and population declines (Graham et al. 2001). As a result of food chain 
rank, the group have a major role in the complex demersal coastal environments, 
where the highest diversity of marine organisms is found (Gray 1997). Unfortunately, 
efforts to establish an adequate and systematic knowledge of non-target species are 
still under the minimum threshold to understand benthic dynamic and develop 
consistent management plans. These issues serve well to emphasize the importance 
of ecological interest and financial support for research and conservation on a species-
level approach for management. IUCN reports the Eastern Fiddler Ray as a species 
of Least Concern, however in the assessment the Red List acknowledges a 
decreasing population trend (Huveneers 2015), in turn, the Sydney Skate is reported 
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as Vulnerable (VU A2bd+4bd), with unknown population trends. Furthermore, fishery 
independent surveys showed >80% declines in the “skates” complex, of which the 
species was a main component  (Stevens and Valenti 2009). 
 
 This study presents the first direct description of diet composition and trophic 
level estimates of two endemic batoids: The Eastern Fiddler Ray Trygonorrhina 
fasciata and the Sydney Skate Dipturus australis. The quantitative and qualitative 
information obtained about the diets of these two species suggests an intimate 
connection with demersal systems, based on the preponderance of crustaceans. The 
difference in feeding behaviour of the species seems to be more related to the 
selection of more mobile prey such as prawns and fishes by Fiddler Rays and less 
mobile as crabs by Sydney Skates. Although non-metric multidimensional scaling plots 
seem to show females less clustered than males, possibly suggesting a wider variety 
of diet items, the differences were not significant statistically. Moreover, both species 
had similar diets with no major interspecific or sex-related differences in composition, 
food preferences and therefore, trophic level. 
 
The diet information provided by this study contribute to an understanding of 
the possible impact of fishing on these non-target animals. The estimated trophic level 
values presented here are an important component to formal trophic models of 
demersal systems and represent important information for a clear and comprehensive 
understanding of population responses to ongoing impacts such as bycatch. It is 
hoped that this study can inspire future research with other chondrichthyan species as 
well as encourage investigations about the ecology of other important yet poorly 
understood species. 
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Chapter 6 – General Discussion 
 
 The current status of chondrichthyan species worldwide is described as critical 
(Bonfil 1994, Stevens et al. 2000, Fowler et al. 2005). These k-strategists are 
endangered by a wide variety of threats, but the International Union for Conservation 
of Nature (IUCN) describes fisheries and bycatch as the most frequent and common 
threat to sharks, rays and relatives worldwide (IUCN 2016). This thesis contributes to 
the management of threatened and poorly known chondrichthyan species through: 
  
a) the development of a metric of vulnerability based on a species’ resilience 
and interaction with fisheries, 
 b) the characterization of the spatial and temporal trends in bycatch of sharks, 
rays and chimaeras in one of the largest fishery sectors in Australia, and  
c) the provision of growth, reproduction and diet information for two common 
batoids taken as bycatch in south-eastern Australia. 
 
Assessing the relative vulnerability of chondrichthyan species as bycatch 
 
One of the major problems with chondrichthyans in Australia is the large 
number of species caught as bycatch and the large number of species described in 
IUCN Threatened and Data Deficient categories (Crowder and Murawski 1998, 
Stevens et al. 2000, IUCN 2001b). Moreover, since it is not possible to prioritize all the 
species due to the extreme richness of chondrichthyan fauna in the region (Last et al. 
2009), one faces the question of how to select which species should be considered 
first in the development of conservation strategies? This question was addressed by 
this study, in which I used harvest data, information on the geographic distribution of 
species and fishing operations along with published proxies of species resilience to 
rank the vulnerability of a species and thereby provide a management priority list for 
chondrichthyans caught as bycatch within the fishery. 
 
In total the technique was applied to 27 stocks, 20 of which were non-target but 
retained (i.e. kept bycatch) chondrichthyan species whilst the other seven were target 
species, included as references. The technique used for ranking vulnerability seems 
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to provides results consistent with the extinction-risk assessments of species for the 
IUCN Red List. This concordance with global standards is good but the power in this 
technique is that it is able to provide some vulnerability guidance even for species 
listed by IUCN as Data Deficient globally (IUCN 2001b). It is also able to provide a 
regional perspective on vulnerability which may not always be captured in the global 
assessments. Results obtained in this study highlighted species that require 
immediate rigorous stock evaluations such as School Shark (Galeorhinus galeus) and 
the Brier Shark (Deania calcea), that despite being considered as bycatch, had values 
of interaction comparable to target species. These species have low biological 
productivity associated to low reproductive capacity and while in overfished status, 
recovery of the stocks of these species are expected to be slow (Marton et al. 2014, 
Rochowski et al. 2015) 
 
One of the greatest advantages of the technique developed in this study is its 
broad applicability. The technique can be applied to several species simultaneously 
and it is very flexible in spatial and temporal scales to which it is applied. This 
technique also does not require specific demographic information such as size 
structure or mortality. Moreover, the technique is cost and time effective, and thereby 
improve allocation of funds for conservation.  
 
Identifying patterns and drivers of chondrichthyan bycatch 
 
Bycatch is an inevitability with most forms of fishing, yet it varies greatly in 
intensity depending on the mode of fishing as well as its spatial and/or temporal scale. 
Therefore, bycatch is strongly related to elements such as fleet size, fishing effort, gear 
selectivity as well as several ecological components such as species diversity, spatial 
distribution and migration patterns (Alverson 1994, Hall et al. 2000, Gilman et al. 
2008). The issue has been evaluated using several techniques, including more 
recently the mapping of “hotspots” for threatened taxa using presence/absence of the 
event or ratio of bycatch (Sims et al. 2008, Lewison et al. 2009, Wallace et al. 2010, 
Lewison et al. 2014). This descriptive tool provides aid to management in selection of 
taxa-based closures and contributing to improve biogeographical knowledge about 
species distribution and its interaction with fishing events. 
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In this study, I investigated the spatial and temporal trends of chondrichthyan 
bycatch based upon three reference metrics: (1) bycatch weight ratio, defined as the 
weight of bycatch chondrichthyans per total target catch weight, (2) bycatch per unit 
of effort (i.e. BPUE), and (3) chondrichthyan bycatch diversity. Overall, the results 
indicated that gillnets, representing around 25% of all the fishing operations in the 
period had bycatch in nearly 100% of operations, had the highest levels of bycatch 
according to all the measures evaluated here. In contrast demersal trawl represented 
over 70% and demersal line less than 5% of the fishing operations, which presented 
different seasonal patterns but somewhat similar levels of bycatch diversity and ratio. 
Apparently the fleet characteristics (types of gear used, exploitation layer of the ocean) 
and consequently the bycatch patterns in the Australian Southern and Eastern 
Scalefish and Shark Fishery (SESSF) differ from what is reported in global 
assessments, where longlines and pelagic fisheries accounted for most of the bycatch 
(Oliver et al. 2015). Moreover, while the focus of this study was the bycatch of 
chondrichthyans in the SESSF sector and gillnets in this study were of higher 
importance to shark and ray bycatch among the selected fishery sector, gillnet fishing 
has also been associated with bycatch of marine mammals in the Great Australian 
Bight region (Lewison et al. 2014). 
 
Trends indicate distinct seasonal patterns in bycatch among gears. For 
example, whilst seasonal average values of bycatch ratio, BPUE and bycatch diversity 
were higher for gillnet operations during warmer seasons, than for demersal trawl 
fishing operations during the austral autumn and winter. Average values for demersal 
line fishing did not indicate consistent seasonal trends across bycatch ratio, BPUE and 
diversity. While trawl nets exploit the area closer to the seabed, gillnets are set higher 
in the water column, and although some species might be exploited by both gears, 
different patterns, diversity and ratio were expected. Gillnet operations were more 
frequent in autumn (c. 27%) than spring (c. 19%), and demersal trawl operation were 
nearly as frequent in winter (c. 25%) as they were in spring (c. 26%). Although no 
statistically significant differences were found between seasonal averages of 
operations within gears, these patterns indicate a relationship between the gear 
selectivity and individual size, determining the probability of the species being caught 
by the gear, and species ecological traits, such as migratory movements and 
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recruitment, defining the probability of the encounter. Moreover, studies testing 
selectivity considered gillnet to be a gear with high probability of catch given the 
encounter with animals within the mesh selectivity profile, due the wider range of 
possible apprehension given the mesh size (Rudstam et al. 1984, Karlsen and 
Bjarnason 1987). Nonetheless, trawlers have a much greater range of selectivity for a 
broad size range of animals, and would be expected to have a higher interaction factor. 
 
The machine learning technique used to evaluate the importance of selected 
predictors indicated the Southern Oscillation Index (SOI) and Year were amongst the 
most important predictors of bycatch ratio and BPUE for gillnet and demersal line 
fishing. SOI gives an indication of the development and intensity of El Niño or La Niña 
events in the Pacific Ocean. In South-East and Southern Australia, El Niño conditions 
are expected to be usually accompanied by sustained warming of the central and 
eastern tropical Pacific Ocean, a decrease in the strength of the Pacific Trade Winds, 
and a reduction in winter and spring rainfall over much of eastern Australia. Its 
therefore reasonable to assume that oceanographic conditions may be affecting the 
bycatch ratio and the BPUE of gillnet and demersal line operations not only due to 
effects on productivity and species diversity, but also due to impacts on the fishing 
operations themselves. Variation in climate not only affects populations, communities 
or entire ecological systems but also the fishing activities (Lehodey et al. 2006). 
Furthermore, ecosystem primary production determines the fish production and the 
proportion of the catch (Brander 2007). There is evidence that some meso to top 
predators had higher landings during weak El Niño years, but also that the effects of 
ENSO on climatic conditions alter the abundance and distribution of a species and its 
prey (Lehodey et al. 1997, Kumar et al. 2014) 
 
The fact that BPUE for trawl fishing (but not gillnet or line) was most strongly 
influenced by latitude and longitude suggests the existence of temporary stable spatial 
patterns of bycatch for this gear type that are less influenced by regional 
oceanographic processes. This may be because most of the gillnet operations were 
clustered on the shelf-break areas of the Great Australian Bight – GAB (between 35°S 
and 36°S, 125°E and 130°E). The GAB is also of the two main areas marked by the 
heat maps as hotspots of chondrichthyan bycatch. Based on the temperature criterion, 
the mixed layer depth deepens from 50m in summer to 150m in winter (Young et al. 
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2000, Longhurst 2010). Such seasonal range is probably associated with austral 
spring bloom followed by summer oligotrophic conditions. There is also evidence of 
lower chlorophyll concentration between late austral spring (November) and early 
austral autumn (March). 
  
Bass Strait (between 40°S and 42°S, 145°E and 147°E) was also identified as 
an area of consistently high BPUE through the seasons, with high bycatch ratio 
through most of the year. The area is probably recognized as a highly productive 
fishing ground by fishermen along the year, with little need to relocate fishing 
operations. An exception to this pattern was the higher demersal trawl BPUE in south-
west Tasmania, which was very consistent through time as indicated by the 
importance of latitude and longitude in the Random Forest analyses. As in the GAB, 
Bass Strait presents a winter-spring production with nutrient limitation and higher 
productivity in late austral spring (October-November) (Longhurst 2010), with stronger 
effects on the east coast of Tasmania. These patterns are probably related to the high 
density of BPUE for trawl operations in the south west coast. 
 
Impacts over Species, Areas, and Management  
 
 Among the advantages of the identification of the patterns and drivers of 
bycatch is the possibility to pinpoint areas and seasons for management, reducing 
costs to protect a group that is widely known for its low resilience to fishing pressure 
(Stevens et al. 2000, Sims et al. 2008, Lewison et al. 2014, Oliver et al. 2015). The 
tools used in this study, especially heat maps, deliver results that are clearly translated 
to all the sectors involved in decision making and management, thus contributing to 
recognition of areas and time cycles for conservation. Moreover, it also provides 
insights about which activities are more likely to cause impacts on marine species, 
increasing accuracy and effectiveness of management actions.  
 
Based upon the results of both the risk assessment model and the spatial and 
temporal analysis of bycatch, it is possible to identify groups of species, gears and 
seasons within the SESSF where management actions are of utmost importance. 
There is a large number of species without formal assessments on biological 
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parameters, population size estimations, reproductive cycles and overall regional 
status that should be among the investigation priorities. In a more species-specific 
perspective, results indicated a higher vulnerability of demersal species of small 
elasmobranchs, such as dogfishes and batoids. Some species under the dogfish 
complex, as well bigger species such as whalers, hammerheads, thresher sharks and 
reef sharks are already part of management plans which include restrictions such as 
total allowable catch (TAC) limits and spatial exclusion of fisheries >700m (Patterson 
and Tudman 2009, Georgeson et al. 2014). The later was a measure of required that 
provided refuge for deep-water species. Despite these important management actions 
there are still issues such as merged records that might mask declines and population 
changes in these groups with disparate levels of vulnerability.  
Demersal trawl, demersal line and more importantly, gillnet fishing are the main gears 
affecting these species, and gillnet have a large amount of operations taking place in 
the area of the GAB and in Bass Strait. These two areas have the larger continental 
shelfs of southern Australia and are hotspots of chondrichthyan species diversity in 
the region. The management of fisheries and the conservation of the group in these 
regions are of extreme importance for the Australian fishing industry and ecosystem’s 
health.  
 
Providing life history data for management 
 
Bottom-dwelling elasmobranchs are amongst the species with the highest 
susceptibility to bycatch, typically due to the substantial overlap between species 
distribution and the common fishing grounds on the continental shelf (Stevens et al. 
2000, Kaschner et al. 2013, AFMA 2015). In addition, this particular part of the 
chondrichthyan fauna suffers from the frequent use of generic categories in landing 
records. Moreover, species like skates and rays that used to be discarded have 
become part of the retained and sold bycatch (Stevens and Valenti 2009). 
 
Information on age and growth is critical because it provides estimations of 
population growth and fishery recruitment, and this type of information has been 
important to the effective management of other chondrichthyans in Australia such 
Sawsharks (Pristis spp), Dogfishes (Squalidae, Centrophoridae), Hammerheads 
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(Sphyrna spp), Thresher Sharks (Alopias spp), Manta rays (Manta spp) and others 
like Grey Nurse Shark (Carcharias taurus), Whale Shark (Rhincodon typhus) and the 
Great White Shark (Carcharodon carcharias) (Patterson and Tudman 2009). The two 
species evaluated in this thesis are common in bycatch along the east coast and are 
believed to be in decline. The Eastern Fiddler Ray is a relatively common inshore 
batoid throughout its range (Last et al. 2009), whilst the Sydney Skate was once one 
of the most common skates on the continental shelf off Eastern Australia (Walker and 
Stuart Gason 2007, Stevens and Valenti 2009, Huveneers 2015)  
 
Age, growth and reproductive parameters for Eastern Fiddler Rays which were 
similar to the estimated for the species in other regions and related species (Izzo and 
Gillanders 2008). Most of the samples of both species showed declines in GSI after 
austral winter towards austral summer, therefore suggesting parturition in the Eastern 
Fiddler Ray occurs during the austral spring and egg laying in the Sydney Skate occurs 
during the spring and summer. These periods are consistent with the period for other 
species and the higher primary productivity of the spring bloom. Calculated body 
indexes for both species indicated overall smaller values of liver weight ratio (HSI) 
during the austral winter (June – August) likely due to lower ecosystem productivity in 
the period (Maruska et al. 1996, Ridgway and Godfrey 1997, Cresswell 2001). 
Nonetheless, these should be considered partial results given the small sample size 
especially for Sydney Skates. 
 
Since the early 2000’s there has been an increasing interest in ecosystem-
based fisheries management. This is mostly due the recognition that fishing impacts 
go further than direct effects on target species (Pikitch et al. 2004, Garcia and 
Cochrane 2005, Scandol et al. 2005). Whilst stock assessments require information 
like age, growth, mortality and reproduction, modern management is moving to multi-
species and ecosystem-based approaches. These approaches require, in addition to 
the above, information about the trophic niche of stocks. These ecosystem models 
can be very powerful in predicting cascading changes in biomass in tightly interlinked 
systems (Essington 2003, Pauly and Chuenpagdee 2003, Sibert et al. 2006, Griffiths 
et al. 2009, Metcalfe et al. 2015). Chondrichthyans have an important role as 
predators, influencing lower trophic level populations (Cortés 1999, Ebert and Bizzarro 
2007). Batoids constitute a frequently overlooked, abundant and diverse group of mid-
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trophic level predators with a very influential and yet poorly understood role, especially 
in demersal marine communities (Ebert and Bizzarro 2007, Myers et al. 2007, Ritchie 
and Johnson 2009, Ajemian et al. 2012). 
 
I described the diet of Eastern Fiddler Ray and Sydney Skate caught along the 
coast of New South Wales, Australia. Overall results indicated a higher abundance 
and therefore preference for crustaceans in the diet of both species, more specifically 
Penaeidae (prawns) in the diet of the Eastern Fiddler Ray and Portunidae (swimmer 
crabs) in the diet of Sydney Skates. Teleost fishes, although also present, were less 
important prey items specially for Sydney Skates, indicating a higher preference for 
more mobile prey in Eastern Fiddler Rays. Results also suggested Cephalopods 
(cuttlefishes/octopi) and Stomatopoda (mantis shrimps) were more occasional prey 
items. These are often reported as common prey items for demersal mesopredators 
such as batoids (Orlov 2003, Ebert and Bizzarro 2007, Saglam et al. 2010). Both 
species estimated trophic levels were comparable to the values estimated for related 
species. The estimated trophic level (TL) of the Eastern Fiddler Ray was TL = 3.67 
and the Sydney Skate was TL = 3.6. These results are within the range of TL 
estimations for related species and support the position of the species as 
mesopredators on the east Australian coast. 
 
The information provided by this study can be used to improve understanding 
of the possible consequences of changes in abundance caused by an array of direct 
or indirect human activities (Crowder and Murawski 1998, Stobutzki et al. 2002, Ritchie 
and Johnson 2009). The values of trophic level and the diet composition presented in 
this study are of great importance to formal trophic models of poorly understood 
demersal systems, and valuable information for a better understanding of population 
dynamics, especially in response to anthropogenic impacts (Ajemian et al. 2012, 
Hilborn and Walters 2013). 
 
Future directions 
 
 Ecological risk assessments, identification of patterns and predictors of bycatch 
or mortality of threatened species, mapping “hotspots” and species-specific 
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assessments are all very useful techniques to obtain the necessary information for 
stock evaluation and to pinpoint the level of anthropogenic or natural hazards, threats 
or stressors (Zhou and Griffiths 2008, Lewison et al. 2009, Hobday et al. 2011, Hobday 
et al. 2013, Lewison et al. 2014, Oliver et al. 2015). However, despite numerous 
techniques and efforts to answer questions about the stock status and reduce threats, 
there are still many questions to be answered about many species of chondrichthyans. 
Numerous species are poorly understood, either because there are no estimations of 
biological and population parameters, the stock status and population trends are 
undefined, or because catch rates remain uncharted. In the case of the Australian 
coast, over 113 species of chondrichthyans are described as either Near Threatened 
or within a category of threatened and more 84 species are described as Data 
Deficient or Not Evaluated. Moreover, a large number of endemic and non-endemic 
species reported in generic groups such dogfishes, skates and rays inhabit the same 
areas of the continental shelf where most of the fishing operations with gillnet and 
demersal trawl take place, increasing the chance of bycatch. This could be mitigated 
by activities like the AFMA’s Fisheries Observer Program if applied in a very large 
scale, and, although expensive, through DNA sampling of bycatch products. 
 
 The studies developed in this thesis are an addition and a contribution to the 
effort made by a number of researchers and managers to fill these knowledge gaps. 
It is clear that chondrichthyan species have an important role as top and 
mesopredators, controlling prey populations and exerting an essential part on the 
ecosystem’s health (Cortés 1999, Ebert and Bizzarro 2007, Ritchie and Johnson 
2009). Moreover it is clear that although the resilience may vary from species to 
species, chondrichthyans are k-selected strategists with slow intrinsic growth and low 
recruitment and therefore a limited recovery capacity (Stevens et al. 2000, Musick and 
Bonfil 2005, Last et al. 2009). 
 
 Although the content of this thesis is largely based upon the bycatch 
chondrichthyan species of the Southern and Eastern coast of Australia, it also contains 
reference metrics and methods that could be applied to other fisheries and sectors. 
Furthermore, based upon the current status and the results of the assessments 
reported here, it is clear that a number of overlooked chondrichthyan species demand 
immediate consideration to define stock status. This information can lead to a number 
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of positive consequences, including but not limited to: better understanding of trophic 
dynamics and reproduction cycles of chondrichthyans, improving protection of 
threatened species, helping to preserve the oceans’ health, and ensuring marine food 
security (Bonfil 1994, FAO 1995, Hollingworth 2000, Stevens et al. 2000, Bonfil 2005, 
Myers et al. 2007, Polidoro et al. 2011, Gallagher et al. 2012).  
 131 
 
REFERENCES 
 
 
Abdel-Aziz, S. 1992. The use of vertebral rings of the brown ray Raja miraletus 
(Linnaeus, 1758) off Egyptian Mediterranean coast for estimation of age and 
growth. Cybium 16:121-132. 
AFMA. 2015. Australian Fisheries Management Authority. Southern and Eastern 
Scalefish and Shark Fishery. 
Agnew, D. J., C. P. Nolan, J. R. Beddington, and R. Baranowski. 2000. Approaches 
to the assessment and management of multispecies skate and ray fisheries 
using the Falkland Islands fishery as an example. Canadian Journal of 
Fisheries and Aquatic Sciences 57:429-440. 
Ajemian, M. J., S. P. Powers, and T. J. T. Murdoch. 2012. Estimating the Potential 
Impacts of Large Mesopredators on Benthic Resources: Integrative 
Assessment of Spotted Eagle Ray Foraging Ecology in Bermuda. PLOS ONE 
7:e40227. 
Alverson, D. L. 1994. A global assessment of fisheries bycatch and discards. Food & 
Agriculture Org. 
Anderson, M. J. 2001. A new method for non‐parametric multivariate analysis of 
variance. Austral Ecology 26:32-46. 
Armitage, R. O., D.A. Payne, G.J. Lockley, H.M. Currie, R.L. Colban, B. G. L. and, and 
L. J. P. (eds.). 1994. Guide book to New Zealand commercial fish species. 
Revised edition. . Wellington, New Zealand Fishing Industry Board, New 
Zealand:216 p. 
Barratt, P. J., and P. M. Kyne. 2011. Cephaloscyllium albipinnum. The IUCN Red List 
of Threatened Species. 
Baum, J. K., R. A. Myers, D. G. Kehler, B. Worm, S. J. Harley, and P. A. Doherty. 
2003. Collapse and conservation of shark populations in the Northwest Atlantic. 
Science 299:389-392. 
Bonfil, R. 1994. Overview of world elasmobranch fisheries. . FAO Fisheries Technical 
Paper No. 341.:119. 
Bonfil, R. 2005. The purpose of stock assessment and the objectives of fisheries 
management. FAO Fisheries Technical Paper 474:6. 
Brander, K. M. 2007. Global fish production and climate change. Proceedings of the 
National Academy of Sciences 104:19709-19714. 
Breiman, L. 2001. Random forests. Machine learning 45:5-32. 
Browman, H. I., and K. I. Stergiou. 2004. Perspectives on ecosystem-based 
approaches to the management of marine resources. Marine Ecology Progress 
Series 274:269-270. 
Bruce, N., R. Adlard, and L. Cannon. 1994. Synoptic checklist of ascaridoid parasites 
(Nematoda) from fish hosts. Invertebrate Systematics 8:583-674. 
Bundy, A., J. Link, B. Smith, and A. Cook. 2011. You are what you eat, whenever or 
wherever you eat it: an integrative analysis of fish food habits in Canadian and 
USA waters. Journal of Fish Biology 78:514-539. 
Burne, R., I. Cresswell, R. Thackway, V. Lyne, P. Last, N. Hamilton, S. Blake, J. 
Muldoon, J. Phillips, D. Pollard, I. Brown, R. Billyard, T. Stevens, K. Edyvane, 
D. Fotheringham, P. Bosworth, D. Peters, G. Edgar, D. Hough, and C. Simpson. 
2006. A Guide to the Integrated Marine and Coastal Regionalisation of Australia 
(IMCRA version 4.0). 
 132 
 
Cailliet, G. 1990. Elasmobranch age determination and verification: an updated 
review. NOAA Tech. Rep. NMFS 90:157-165. 
Cailliet, G. M., W. D. Smith, H. F. Mollet, and K. J. Goldman. 2006. Age and growth 
studies of chondrichthyan fishes: the need for consistency in terminology, 
verification, validation, and growth function fitting. Environmental Biology of 
Fishes 77:211-228. 
Camhi, M., S. Fowler, J. Musick, A. Bräutigam, and S. Fordham. 1998. Sharks and 
their relatives: Ecology and Conservation. Occasional Paper of the IUCN 
Species Survival Commission. 
Campana, S. 2001. Accuracy, precision and quality control in age determination, 
including a review of the use and abuse of age validation methods. Journal of 
Fish Biology 59:197-242. 
Casper, B. M., A. Domingo, N. Gaibor, M. R. Heupel, E. Kotas, A. F. Lamónaca, J. C. 
Pérez-Jimenez, C. Simpfendorfer, W. D. Smith, J. D. Stevens, A. Soldo, and C. 
M. Vooren. 2005. Sphyrna zygaena. The IUCN Red List of Threatened Species. 
Clarke, S., and D. Rose. 2005. Regional Fisheries and Trade. Sharks, Rays and 
Chimaeras: The Status of the chondrichthyan Fishes. Status Survey:24-29. 
Clucas, I. 1997. A study of the options for utilization of bycatch and discards from 
marine capture fisheries. FAO fisheries circular 928:1-59. 
Compagno, L. J. V. 1984. Sharks of the world: An annotated and illustrated catalogue 
of shark species known to date. Rome: United Nations Development 
Programme. 
Compagno, L. J. V. 2005. Notorynchus cepedianus. The IUCN Red List of Threatened 
Species  
Cortés, E. 1999. Standardized diet compositions and trophic levels of sharks. ICES 
Journal of Marine Science 56:707-717. 
Cortés, E., E. N. Brooks, and K. W. Shertzer. 2015. Risk assessment of cartilaginous 
fish populations. ICES Journal of Marine Science 72:1057-1068. 
Costa, T., J. Thayer, and L. Mendes. 2015. Population characteristics, habitat and diet 
of a recently discovered stingray Dasyatis marianae: implications for 
conservation. Journal of Fish Biology 86:527-543. 
Cresswell, G. 2001. East Australian Current.783-792. 
Crowder, L. B., and S. A. Murawski. 1998. Fisheries bycatch: implications for 
management. Fisheries 23:8-17. 
Curley, B. G., A. R. Jordan, W. F. Figueira, and V. C. Valenzuela. 2013. A review of 
the biology and ecology of key fishes targeted by coastal fisheries in south-east 
Australia: identifying critical knowledge gaps required to improve spatial 
management. Reviews in Fish Biology and Fisheries 23:435-458. 
Cutler, D. R., T. C. Edwards Jr, K. H. Beard, A. Cutler, K. T. Hess, J. Gibson, and J. 
J. Lawler. 2007. Random forests for classification in ecology. Ecology 88:2783-
2792. 
Dulvy, N. K., J. D. Metcalfe, J. Glanville, M. G. Pawson, and J. D. Reynolds. 2000. 
Fishery stability, local extinctions, and shifts in community structure in skates. 
Conservation Biology 14:283-293. 
Ebert, D. A., and J. J. Bizzarro. 2007. Standardized diet compositions and trophic 
levels of skates (Chondrichthyes: Rajiformes: Rajoidei). Environmental Biology 
of Fishes 80:221-237. 
Ebert, D. A., P. D. Cowley, and L. J. V. Compagno. 1991. A PRELIMINARY 
INVESTIGATION OF THE FEEDING ECOLOGY OF SKATES (BATOIDEA, 
RAJIDAE) OFF THE WEST-COAST OF SOUTHERN AFRICA. South African 
 133 
 
Journal of Marine Science-Suid-Afrikaanse Tydskrif Vir Seewetenskap 10:71-
81. 
Ebert, D. A., and S. V. Valenti. 2009. Deania quadrispinosa. The IUCN Red List of 
Threatened Species. 
ESRI. 2013. Environmental Systems Research Institute - Redlands, CA. ArcGIS 
Release 10.2. 
Essington, T. E. 2003. Development and sensitivity analysis of bioenergetics models 
for skipjack tuna and albacore: a comparison of alternative life histories. 
Transactions of the American Fisheries Society 132:759-770. 
Faith, D. P., C. A. M. Reid, and J. Hunter. 2004. Integrating Phylogenetic Diversity, 
Complementarity, and Endemism for Conservation Assessment. Conservation 
Biology 18:255-261. 
FAO. 1995. Code of conduct for responsible fisheries. Food & Agriculture Org. 
Fowler, S., R. D. Cavanagh, M. Camhi, G. Burgess, G. Cailliet, S. V. Fordham, C. 
Simpfendorfer, and J. Musick. 2005. Sharks, Rays and Chimaeras: The Status 
of the chondrichthyan Fishes. 
Francis, M. P., C. Ó. Maolagáin, and D. Stevens. 2001. Age, growth, and sexual 
maturity of two New Zealand endemic skates, Dipturus nasutus and D. 
innominatus. New Zealand journal of marine and freshwater research 35:831-
842. 
Froese, R., and D. E. Pauly. 2015. FishBase. World Wide Web electronic publication. 
Available at: http://www.fishbase.org. . 
Gallagher, A. J., P. M. Kyne, and N. Hammerschlag. 2012. Ecological risk assessment 
and its application to elasmobranch conservation and management. Journal of 
Fish Biology 80:1727-1748. 
Garcia, S. M., and K. L. Cochrane. 2005. Ecosystem approach to fisheries: a review 
of implementation guidelines. ICES Journal of Marine Science 62:311-318. 
García, V. B., L. O. Lucifora, and R. A. Myers. 2008. The importance of habitat and 
life history to extinction risk in sharks, skates, rays and chimaeras. Proceedings 
of the Royal Society of London B: Biological Sciences 275:83-89. 
Georgeson, L., I. Stobutzki, and R. Curtotti. 2014. Fishery Status Reports 2013-14. 
Canberra: Australian Bureau of Agricultural and Resource Economics and 
Sciences. 
Gilman, E., S. Clarke, N. Brothers, J. Alfaro-Shigueto, J. Mandelman, J. Mangel, S. 
Petersen, S. Piovano, N. Thomson, P. Dalzell, M. Donoso, M. Goren, and T. 
Werner. 2008. Shark interactions in pelagic longline fisheries. Marine Policy 
32:1-18. 
Goldman, K. J. 2005. Age and growth of elasmobranch fishes. FAO Fisheries 
Technical Paper 474:76. 
Gordon, J. D. M., and J. A. R. Duncan. 2009. A Note on The Distribution and Diet of 
Deep-Water Rays (Rajidae) in An Area of The Rockall Trough. Journal of the 
Marine Biological Association of the United Kingdom 69:655-658. 
Graham, K., N. L. Andrew, and K. E. Hodgson. 2001. Changes in relative abundance 
of sharks and rays on Australian South East Fishery trawl grounds after twenty 
years of fishing. Marine and Freshwater Research 52:549-561. 
Gray, J. S. 1997. Marine biodiversity: patterns, threats and conservation needs. 
Biodiversity & Conservation 6:153-175. 
Griffiths, S. P., P. M. Kuhnert, G. F. Fry, and F. J. Manson. 2009. Temporal and size-
related variation in the diet, consumption rate, and daily ration of mackerel tuna 
 134 
 
(Euthynnus affinis) in neritic waters of eastern Australia. ICES Journal of Marine 
Science 66:720-733. 
Groombridge, B. 1992. Global biodiversity: status of the earth's living resources. 
Chapman & Hall. 
Hall, M. A., D. L. Alverson, and K. I. Metuzals. 2000. By-Catch: Problems and 
Solutions. Marine Pollution Bulletin 41:204-219. 
Hamlett, W. C. 1999. Sharks, skates, and rays: the biology of elasmobranch fishes. 
JHU Press. 
Hewitt, G., and P. Hine. 1972. Checklist of parasites of New Zealand fishes and of 
their hosts. New Zealand journal of marine and freshwater research 6:69-114. 
Hilborn, R., and C. J. Walters. 2013. Quantitative fisheries stock assessment: choice, 
dynamics and uncertainty. Springer Science & Business Media. 
Hobday, A. J., A. D. M. Smith, I. C. Stobutzki, C. Bulman, R. Daley, J. M. Dambacher, 
R. A. Deng, J. Dowdney, M. Fuller, D. Furlani, S. P. Griffiths, D. Johnson, R. 
Kenyon, I. A. Knuckey, S. D. Ling, R. Pitcher, K. J. Sainsbury, M. Sporcic, T. 
Smith, C. Turnbull, T. I. Walker, S. E. Wayte, H. Webb, A. Williams, B. S. Wise, 
and S. Zhou. 2011. Ecological risk assessment for the effects of fishing. 
Fisheries Research 108:372-384. 
Hobday, A. J., J. W. Young, O. Abe, D. P. Costa, R. K. Cowen, K. Evans, M. A. 
Gasalla, R. Kloser, O. Maury, and K. C. Weng. 2013. Climate impacts and 
oceanic top predators: moving from impacts to adaptation in oceanic systems. 
Reviews in Fish Biology and Fisheries 23:537-546. 
Hobohm, C. 2003. Characterization and ranking of biodiversity hotspots: centres of 
species richness and endemism. Biodiversity & Conservation 12:279-287. 
Hoenig, J. M., and S. H. Gruber. 1990. Life-History Patterns in the Elasmobranchs: 
Implications for fisheries management. NOAA Technical Report NMFS:1-16. 
Hollingworth, C. 2000. Ecosystem effects of fishing - Preface. ICES Journal of Marine 
Science 57:465-465. 
Huveneers, C. 2015. Trygonorrhina fasciata. The IUCN Red List of Threatened 
Species 2015: e.T41866A43270478. http://dx.doi.org/10.2305/IUCN.UK.2015-
4.RLTS.T41866A43270478.en. . 
IUCN. 2001a. IUCN Red List categories and criteria. IUCN. 
IUCN. 2001b. IUCN Red List Criteria: Version 3.1. IUCN Species Survival 
Commission, Gland, Switzerland. 
IUCN. 2016. Version 2016-2. The IUCN Red List of Threatened Species. . 
Izzo, C., and B. Gillanders. 2008. Initial assessment of age, growth and reproductive 
parameters of the southern fiddler ray Trygonorrhina fasciata (Müller & Henle, 
1841) from South Australia. Pan-American Journal of Aquatic Sciences 3:p. 
321-327. 
Jacobsen, I. P., and M. B. Bennett. 2013. A Comparative Analysis of Feeding and 
Trophic Level Ecology in Stingrays (Rajiformes; Myliobatoidei) and Electric 
Rays (Rajiformes: Torpedinoidei). PLOS ONE 8:e71348. 
Karlsen, L., and B. A. Bjarnason. 1987. Small-scale fishing with driftnets. Food & 
Agriculture Org. 
Kaschner, K., J. Rius-Barile, K. Kesner-Reyes, C. Garilao, S.O. Kullander, T. Rees, 
and R. Froese. 2013. AquaMaps: Predicted range maps for aquatic species. 
World wide web electronic publication, www.AquaMaps.org, Version 08/2013. 
Kennelly, S. J. 1995. The issue of bycatch in Australia's demersal trawl fisheries. 
Reviews in Fish Biology and Fisheries 5:213-234. 
 135 
 
Knoff, M., S. C. d. São Clemente, R. M. Pinto, and D. C. Gomes. 2001. Nematodes of 
elasmobranch fishes from the southern coast of Brazil. Memórias do Instituto 
Oswaldo Cruz 96:81-87. 
Kumar, P. S., G. N. Pillai, and U. Manjusha. 2014. El Nino Southern Oscillation 
(ENSO) impact on tuna fisheries in Indian Ocean. SpringerPlus 3:591. 
Last, P. R., and W. T. White. 2011. Biogeographic patterns in the Australian 
chondrichthyan fauna. J Fish Biol 79:1193-1213. 
Last, P. R. P. R., J. D. J. D. Stevens, R. Swainston, G. Davis, C. Publishing, P. R. P. 
R. Last, J. D. J. D. Stevens, R. Swainston, and G. Davis. 2009. Sharks and rays 
of Australia. 2nd ed edition. CSIRO Pub. 
Legendre, P., and L. Legendre. 1998. Numerical Ecology, Volume 24, (Developments 
in Environmental Modelling). Elsevier Science Amsterdam, The Netherlands. 
Lehodey, P., J. Alheit, M. Barange, T. Baumgartner, G. Beaugrand, K. Drinkwater, J.-
M. Fromentin, S. Hare, G. Ottersen, and R. Perry. 2006. Climate variability, fish, 
and fisheries. Journal of Climate 19:5009-5030. 
Lehodey, P., M. Bertignac, J. Hampton, A. Lewis, and J. Picaut. 1997. El Niño 
Southern Oscillation and tuna in the western Pacific. Nature 389:715. 
Lessa, R., F. M. Santana, and F. H. Hazin. 2004. Age and growth of the blue shark 
Prionace glauca (Linnaeus, 1758) off northeastern Brazil. Fisheries Research 
66:19-30. 
Lewison, R. L., L. B. Crowder, B. P. Wallace, J. E. Moore, T. Cox, R. Zydelis, S. 
McDonald, A. DiMatteo, D. C. Dunn, C. Y. Kot, R. Bjorkland, S. Kelez, C. 
Soykan, K. R. Stewart, M. Sims, A. Boustany, A. J. Read, P. Halpin, W. J. 
Nichols, and C. Safina. 2014. Global patterns of marine mammal, seabird, and 
sea turtle bycatch reveal taxa-specific and cumulative megafauna hotspots. 
Proc Natl Acad Sci U S A 111:5271-5276. 
Lewison, R. L., C. U. Soykan, and J. Franklin. 2009. Mapping the bycatch seascape: 
multispecies and multi‐scale spatial patterns of fisheries bycatch. Ecological 
Applications 19:920-930. 
Liaw, A., and M. Wiener. 2002. Classification and regression by randomForest. R 
news 2:18-22. 
Lipej, L., B. Mavrič, D. Paliska, and C. Capapé. 2012. Feeding habits of the pelagic 
stingray Pteroplatytrygon violacea (Chondrichthyes: Dasyatidae) in the Adriatic 
Sea. Journal of the Marine Biological Association of the United Kingdom 
93:285-290. 
Longhurst, A. R. 2010. Ecological geography of the sea. Elsevier. 
Marasco, R. J., D. Goodman, C. B. Grimes, P. W. Lawson, A. E. Punt, and T. J. Quinn 
II. 2007. Ecosystem-based fisheries management: some practical suggestions. 
Canadian Journal of Fisheries and Aquatic Sciences 64:928-939. 
Martell, S., and R. Froese. 2013. A simple method for estimating MSY from catch and 
resilience. Fish and Fisheries 14:504-514. 
Marton, N., A. Fowler, C. Green, J. Lyle, R. McAuley, and V. Peddemors. 2014. Status 
of key Australian fish stocks reports 2014-29. School shark Galeorhinus galeus. 
Maruska, K. P., E. G. Cowie, and T. C. Tricas. 1996. Periodic gonadal activity and 
protracted mating in elasmobranch fishes. Journal of Experimental Zoology 
276:219-232. 
McNeely, J. A., K. R. Miller, W. V. Reid, R. A. Mittermeier, and T. B. Werner. 1990. 
Conserving the world's biological diversity. International Union for Conservation 
of Nature and Natural Resources. 
 136 
 
Metcalfe, K., S. Vaz, G. H. Engelhard, M. C. Villanueva, R. J. Smith, and S. Mackinson. 
2015. Evaluating conservation and fisheries management strategies by linking 
spatial prioritization software and ecosystem and fisheries modelling tools. 
Journal of Applied Ecology 52:665-674. 
Michael, S. W. 1993. Reef sharks and rays of the world : a guide to their identification, 
behavior, and ecology. Sea Challengers, Monterey, California. 
Morato, T., E. Solà, M. P. Grós, and G. Menezes. 2003. Diets of thornback ray (Raja 
clavata) and tope shark (Galeorhinus galeus) in the bottom longline fishery of 
the Azores, northeastern Atlantic. Fishery Bulletin 101:590-602. 
Musick, J. A. 1999. Criteria to Define Extinction Risk in Marine Fishes: The American 
Fisheries Society Initiative. Fisheries 24:6-14. 
Musick, J. A., and R. Bonfil. 2005. Management techniques for elasmobranch 
fisheries. FAO Fish Tech Paper 474. 
Myers, R. A., J. K. Baum, T. D. Shepherd, S. P. Powers, and C. H. Peterson. 2007. 
Cascading Effects of the Loss of Apex Predatory Sharks from a Coastal Ocean. 
Science 315:1846-1850. 
Oliver, S., M. Braccini, S. J. Newman, and E. S. Harvey. 2015. Global patterns in the 
bycatch of sharks and rays. Marine Policy 54:86-97. 
Orlov, A. 2003. Diets, feeding habits, and trophic relations of six deep-benthic skates 
(Rajidae) in the western Bering Sea. J Ichthyol Aquat Biol 7:45-59. 
Parzen, E. 1962. On Estimation of a Probability Density Function and Mode. Ann. 
Math. Statist. 33:1065-1076. 
Patrick, W. S., P. Spencer, J. Link, J. Cope, J. Field, D. Kobayashi, P. Lawson, T. 
Gedamke, E. Cortes, and O. Ormseth. 2010. Using productivity and 
susceptibility indices to assess the vulnerability of United States fish stocks to 
overfishing. Fishery Bulletin 108:305-322. 
Patterson, H. M., and M. J. Tudman. 2009. chondrichthyan guide for fisheries 
managers: A practical guide to mitigating chondrichthyan bycatch. Bureau of 
Rural Sciences and Australian Fisheries Management Authority, Canberra. 
Pauly, D., V. Christensen, J. Dalsgaard, R. Froese, and F. Torres. 1998. Fishing down 
marine food webs. Science 279:860-863. 
Pauly, D., and R. Chuenpagdee. 2003. Development of fisheries in the Gulf of 
Thailand large marine ecosystem: analysis of an unplanned experiment. Pages 
337-354. Elsevier Science. 
Pauly, D., R. Watson, and J. Alder. 2005. Global trends in world fisheries: impacts on 
marine ecosystems and food security. Philosophical Transactions of the Royal 
Society B: Biological Sciences 360:5-12. 
Pikitch, E., C. Santora, E. Babcock, A. Bakun, R. Bonfil, D. Conover, P. Dayton, P. 
Doukakis, D. Fluharty, E. Houde, J. Link, P. Livingston, M. Mangel, M. K. 
McAllister, J. Pope, and K. Sainsbury. 2004. Ecosystem-Based Fishery 
Management. Science 305:346-347. 
Pinkas, L. 1971. Bluefin tuna food habits.in L. Pinkas, M. S. Oliphant, and I. L. K. 
Iverson, editors. Food habits of Albacore, Bluefin tuna, and Bonito in California 
waters. Fisheries Bulletin. 
Plagányi, É. E., A. E. Punt, R. Hillary, E. B. Morello, O. Thébaud, T. Hutton, R. D. 
Pillans, J. T. Thorson, E. A. Fulton, A. D. M. Smith, F. Smith, P. Bayliss, M. 
Haywood, V. Lyne, and P. C. Rothlisberg. 2014. Multispecies fisheries 
management and conservation: tactical applications using models of 
intermediate complexity. Fish and Fisheries 15:1-22. 
 137 
 
Polidoro, B. A., C. T. Elfes, J. C. Sanciangco, H. Pippard, and K. E. Carpenter. 2011. 
Conservation Status of Marine Biodiversity in Oceania: An Analysis of Marine 
Species on the IUCN Red List of Threatened Species. Journal of Marine 
Biology 2011:1-14. 
Ponte, D., L. Barcelos, C. Santos, J. Medeiros, and J. Barreiros. 2016. Diet of Dasyatis 
pastinaca and Myliobatis aquila (Myliobatiformes) from the Azores, NE Atlantic. 
Cybium 40:209-214. 
Ridgway, K., and J. Godfrey. 1997. Seasonal cycle of the East Australian current. 
Journal of Geophysical Research: Oceans 102:22921-22936. 
Ridgway, K., and K. Hill. 2009. The East Australian Current. A marine climate change 
impacts and adaptation report card for Australia 5. 
Ridgway, K. R. 2007. Long-term trend and decadal variability of the southward 
penetration of the East Australian Current. Geophysical Research Letters 
34:n/a-n/a. 
Ritchie, E. G., and C. N. Johnson. 2009. Predator interactions, mesopredator release 
and biodiversity conservation. Ecology Letters 12:982-998. 
Rochowski, B., T. Walker, and R. Day. 2015. Geographical variability in life‐history 
traits of a midslope dogfish: the brier shark Deania calcea. Journal of Fish 
Biology 87:728-747. 
Romera, S. A. 1993. Proleptus acutus (Nematoda: Physalopteridae), a Parasite from 
an Argentinian Skate, Sympterygia bonapartei (Pisces: Rajidae). The Journal 
of Parasitology 79:620-623. 
Rosenblatt, M. 1956. Remarks on Some Nonparametric Estimates of a Density 
Function. Ann. Math. Statist. 27:832-837. 
Rudstam, L. G., J. J. Magnuson, and W. M. Tonn. 1984. Size selectivity of passive 
fishing gear: a correction for encounter probability applied to gill nets. Canadian 
Journal of Fisheries and Aquatic Sciences 41:1252-1255. 
Saglam, H., A. Orhan, S. Kutlu, and I. Aydin. 2010. Diet and feeding strategy of the 
common stingray Dasyatis pastinaca (Linnaeus, 1758) on the Turkish coastof 
southeastern Black Sea. Cahiers de biologie marine 51:37. 
Saila, S. B. 1983. Importance and assessment of discards in commercial fisheries. 
Food and Agriculture Organization of the United Nations. 
Scandol, J. P., M. G. Holloway, P. J. Gibbs, and K. L. Astles. 2005. Ecosystem-based 
fisheries management: an Australian perspective. Aquatic Living Resources 
18:261-273. 
Sibert, J., J. Hampton, P. Kleiber, and M. Maunder. 2006. Biomass, Size, and Trophic 
Status of Top Predators in the Pacific Ocean. Science 314:1773-1776. 
Silverman, B. W. 2018. Density estimation for statistics and data analysis. Routledge. 
Sims, M., T. Cox, and R. Lewison. 2008. Modeling spatial patterns in fisheries bycatch: 
improving bycatch maps to aid fisheries management. Ecological Applications 
18:649-661. 
Smith, S. E., D. W. Au, and C. Show. 1999. Intrinsic rebound potentials of 26 species 
of Pacific sharks. Marine and Freshwater Research 49:663-678. 
Soares, L. S. H., A. E. A. d. M. Vazzoler, and A. R. Correa. 1999. Diel feeding 
chronology of the skate raja Agassizii (Müller & Henle) (Pisces, Elasmobranchii) 
on the continental shelf off Ubatuba, Southeastern Brazil. Revista Brasileira de 
Zoologia 16:201-212. 
Stehmann, M. 1987. Quick and dirty tabulation of stomach contents and maturity 
stages for skates (Rajidae), squaloid and other ovoviviparous and viviparous 
species of sharks. American Elasmobranch Society Newsletter 3:5-9. 
 138 
 
Stehmann, M. F. 2002. Proposal of a maturity stages scale for oviparous and 
viviparous cartilaginous fishes (Pisces, Chondrichthyes). Archive of Fishery 
and Marine Research 50:23-48. 
Stevens, J. 2003. Deania calcea. The IUCN Red List of Threatened Species 2003 
(SSG Australia & Oceania Regional Workshop, March 2003). 
Stevens, J. 2009. Prionace glauca. The IUCN Red List of Threatened Species. 
Stevens, J. D., R. Bonfil, N. K. Dulvy, and P. A. Walker. 2000. The effects of fishing 
on sharks, rays, and chimaeras (chondrichthyans), and the implications for 
marine ecosystems. ICES Journal of Marine Science 57:476-494. 
Stevens, J. D., and S. V. Valenti. 2009. Dipturus australis. The IUCN Red List of 
Threatened Species 2009: e.T161637A5470186. 
http://dx.doi.org/10.2305/IUCN.UK.2009-2.RLTS.T161637A5470186.en. . 
Stobutzki, I., M. Miller, and D. Brewer. 2002. Sustainability of fishery bycatch: a 
process for assessing highly diverse and numerous bycatch. Environmental 
Conservation 28:167-181. 
Sulikowski, J. A., M. D. Morin, S. H. Suk, and W. H. Howell. 2003. Age and growth 
estimates of the winter skate (Leucoraja ocellata) in the western Gulf of Maine. 
Fishery Bulletin 101:405-413. 
Team, R. C. 2013. R: A language and environment for statistical computing. 
Timmons, M., and R. Bray. 1998. Age, growth, and sexual maturity of shovelnose 
guitarfish, Rhinobatos productus (Ayres). Oceanographic Literature Review 
1:148. 
Underwood, A. J. 1997. Experiments in ecology: their logical design and interpretation 
using analysis of variance. Cambridge University Press. 
Von Bertalanffy, L. 1938. A quantitative theory of organic growth (inquiries on growth 
laws. II). Human biology 10:181-213. 
Walker, T., and A. Stuart Gason. 2007. Shark and other chondrichthyan byproduct 
and bycatch estimation in the Southern and Eastern Scalefish and Shark 
Fishery. Final report to Fisheries Research and Development Corporation 
Project No. 2001/007. (July 2007.) 182 + vi pp. (Primary Industries Research 
Victoria: Queenscliff, Victoria, Australia). 978‐1‐74199‐216‐8. 
Walker, T. I. 1998. Can shark resources be harvested sustainably? A question 
revisited with a review of shark fisheries. Marine and Freshwater Research 
49:553-572. 
Walker, T. I., R. D. Cavanagh, J. D. Stevens, A. B. Carlisle, G. E. Chiaramonte, A. 
Domingo, D. A. Ebert, C. M. Mancusi, A. Massa, M. McCord, G. Morey, L. J. 
Paul, F. Serena, and C. M. Vooren. 2006. Galeorhinus galeus. The IUCN Red 
List of Threatened Species. 
Wallace, B. P., R. L. Lewison, S. L. McDonald, R. K. McDonald, C. Y. Kot, S. Kelez, 
R. K. Bjorkland, E. M. Finkbeiner, and L. B. Crowder. 2010. Global patterns of 
marine turtle bycatch. Conservation Letters 3:131-142. 
Watson, D. F., and G. M. Philip. 1985. A REFINEMENT OF INVERSE DISTANCE 
WEIGHTED INTERPOLATION. Geo-Processing 2:315-327. 
White, J., C. A. Simpfendorfer, A. J. Tobin, and M. R. Heupel. 2014. Age and growth 
parameters of shark-like batoids. J Fish Biol 84:1340-1353. 
Yıgın, C., and A. Ismen. 2010. Age, growth, reproduction and feed of longnosed skate, 
Dipturus oxyrinchus (Linnaeus, 1758) in Saros Bay, the north Aegean Sea. 
Journal of Applied Ichthyology 26:913-919. 
Young, J., T. Nishida, and C. Stanley. 2000. A preliminary survey of the summer 
hydrography and plankton biomass of the eastern Great Australian Bight, 
 139 
 
Australia. Southern Bluefin Tuna Recruitment Monitoring and Tagging 
Program. Report of the Eleventh Workshop, CSIRO, Hobart (2001), p. 15. 
Zander, C. D. 1982. Feeding ecology of littoral gobiid and blennioid fish of the Banyuls 
area ( Mediterranean Sea). 1. Main food and trophic dimension of niche and 
ecotope. Vie Millieu 32:1-10. 
Zhou, S., and S. P. Griffiths. 2008. Sustainability Assessment for Fishing Effects 
(SAFE): A new quantitative ecological risk assessment method and its 
application to elasmobranch bycatch in an Australian trawl fishery. Fisheries 
Research 91:56-68. 
Zhou, S., A. D. M. Smith, and M. Fuller. 2011. Quantitative ecological risk assessment 
for fishing effects on diverse data-poor non-target species in a multi-sector and 
multi-gear fishery. Fisheries Research 112:168-178. 
 
 
 
 
